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ABSTRACT
EVALUATION OF TRICHOGRAMMA OSTRINIAE (HYMENOPTERA:
TRICHOGRAMMATIDAE) AS A BIOLOGICAL CONTROL AGENT
AGAINST THE EUROPEAN CORN BORER, OSTRINIA NUBILALIS
(LEPIDOPTERA: PYRALIDAE): BIOLOGICAL, BEHAVIORAL AND
ECOLOGICAL PERSPECTIVES

FEBRUARY 1998
BAODE WANG, B.S., ANHUI AGRICULTURAL UNIVERSITY
M S., BEIJING AGRICULTURAL UNIVERSITY
Ph D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor David N. Ferro

The biology and behavioral ecology of Trichogramma ostriniae, an
introduced egg parasitoid of Ostrinia nubilalis and other lepidopteran species
were studied in the laboratory and under field conditions. The inter- and intra¬
specific discrimination, competition, and the effectiveness of T. ostrinia and T.

nubilale were also investigated.
For T. ostriniae to complete its life cycle, it took 6.7 days at 33°C and 20
days at 17°C. Comparison of several theoretic models indicated that a transformed
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day-degree model and the Hilbert-Logan model were better for predicting the
development of this parasitiod. The wasps reared on O. fiimcicalis by the seventh
generation and at 27°C had a lower level of parasitism than wasps from other
generations and at other temperatures. The differences among generations for the
time female wasps spent drumming host eggs did not show any host and
generation related trend.
European corn borer egg parasitism was positively correlated with egg
density. Female T. ostriniae might exhibit the Type II or Type III functional
response depending on the temperature. The field data suggested a Type II
functional response when data were pooled for all replicates.
The effects of weather, plant size, and distribution of egg masses on egg
parasitism by the wasp were studied in a sweet corn field. Logistic regression
analyses indicated that percentage of eggs parasitized was negatively related to an
increase in leaf area and distance of eggs from release point. Eggs on leaves in the
upper third of a corn plant received much less parasitism than those on the middle
and lower third. Temperature as well as the length of exposure of egg to wasps
also affected the level of egg parasitism.
Laboratory test on the cross breeding between T. ostriniae and T. tmbilale
indicated no successful hybridization. The results of the inter- and intra-specific
discrimination and competition between the two species revealed that only female
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T. ostriniae discriminated eggs parasitized by females of the same species. When
both species oviposited the same egg, T. ostriniae was most likely to be able to
complete development.
The level of egg parasitism by releasing T. ostriniae alone was found to be
15% higher than that by releasing T. nubilale alone, and 20% higher than by
releasing a combination of the two species. Further analyses using the logistic
regression model for independent and correlated data indicated T. ostriniae to be
more efficient at discovering host egg masses than T. nubilale. Mutual
interference between the two species was the main factor for the lower level of egg
parasitism when the two species were released together.
The results suggest that T. ostriniae is the better candidate for
augmentative releases for control of the European corn borer, and the two species
should not be released into a corn field at the same time.
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CHAPTER 1

THE EUROPEAN CORN BORER, AND ITS NATURAL ENEMIES
TRICHOGRAMMA

The European Corn Borer, a Serious Problem for Vegetable Growers and a Ongoing
Challenge for Pest Control Practitioners
Corn, Zea mays (L.), is a major cereal crop in the United States. The area planted to
corn has increased from 60 million to 80 million acres from 1970 to 1996, and yield of
corn increased from just over 7.1 billion bushels in 1987 to more than 9.2 billion bushels in
1996 and 1997 (USDA 1996, 1997). There has been more land planted to corn than any
other crop in the United States since 1970. However, yields are influenced by insect pests,
with the European corn borer, Ostrinia nubilalis (Hiibner) (Lepidoptera: Pyralidae), being
the major insect pest of aerial parts of the plant.
Broad Distribution in the US and Polyphaeous Habit
The European corn borer also attacks over 200 other wild and cultivated plant species
including sorghum, cotton, potatoes, beans, beets, celery, tomatoes and pepper (Hodgson
1928, Lewis 1975, Hudon and Leroux 1986b, Beck 1987, Showers et al. 1989).
The European com borer is an introduced insect species, which probably arrived in
North America during the early 1900s from Europe. The borer was first noticed near
Boston, Massachusetts in 1917, and in areas bordering Lake Erie in 1921(Vinal 1917,
Dicke 1932, Caffrey and Worthley 1927). It spread gradually from southern Michigan to
northern Ohio. The European corn borer produced one generation per year during its
early history in the United States. By the end of 1938, this one generation population of
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the borer had spread only to the Wisconsin shore of Lake Michigan. However, by the late
1930s, a two-generation per year population appeared in the eastern and north central
states. This population of European corn borer spread rapidly and soon became dominant
in the central corn region. It reached Illinois in 1939, Iowa in 1942, Nebraska in 1944,
and South Dakota in 1946. Meanwhile, the single-generation European corn borer spread
northward into northern Minnesota, North Dakota, and Quebec, Manitoba, and
Saskatchewan of Canada. Later, three- and four-generation per year populations of
European corn borer appeared in the south along the Atlantic Coast and southwestward in
Missouri, Arkansas, Kansas, Oklahoma, and the Gulf states (Showers et al. 1989). The
insect has continued to spread throughout the com growing areas of the United States. In
the 80 years since being discovered, the borer has spread northward into Canada,
westward to the Rocky Mountains, and southward to Florida and New Mexico.
According to Mason et al. (1997). It is now present in all continental states of the United
States and most Canadian provinces east of the Rocky Mountains (Iowa State University
1997).
Characteristic Damage of European Corn Borer to Corn and Peppers
Damage by the larval European corn borer may result in poor corn ear development,
broken stalks, and dropped ears. Early instars of the borer feed on foliage, causing a
windowpane type of feeding injury. Thereafter, a shot-hole leave injury is the result of
early larvae tunneling through the emerging whorl. Most yield loss may result from the
impaired ability of plants to produce normal amounts of grain due to the physiological
effect of larval feeding damage in leaf and conductive tissues. As larvae increase in size,
they begin tunneling into the stalks or midribs of the corn foliage. With persistent winds
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and dry weather, tunneling in the stalks and ear shanks can increase stalk and shank
breakage, resulting in substantial loss of ears during harvest. Stalk tunneling during the
vegetative stages of plant growth will result in shorter plants with fewer and smaller

Figure 1.1. Approximate current range of European corn borer in the United States and
Canada (Iowa State University 1997)

leaves. In addition, when European corn borer feeding reduces vascular bundle numbers
during the vegetative stages, movement of water, photosynthate, and nutrients is restricted
over the entire kernel-filling period.
Significant loss in yield may result when the population density reaches one late instar
per plant. Furthermore, the tunneling of corn borer in the stalks makes the host plant
3

susceptible to infection by various pathogens such as Fasarium moniliforme (Sheld) and
Gibberella zeae (Schw.). Corn yield losses from these diseases average four to five
percent per rotted internode. Serious infestations of the second brood result in breakage
of stalks and drop of ears, which complicates harvesting of grain. Larvae that initiate
feeding earlier in a plant's development have a greater potential to cause yield reduction
than those initiating feeding nearer to physiological maturity of the com plant. During
whorl stages of corn growth, there is between five and six percent loss in grain yield for
each larva per plant. During ear development stages, the loss per larva per plant is about
two to four percent. However, if corn plants experience prolonged moisture stress after
significant tunneling, the loss per larva per plant can be as high as 12 percent.
Damage to peppers by the European corn borer often results in wilted plants,
collapsed stems, sun-scalded like fruits, and rotted fruits due to subsequent infection of
bacterial and fungal pathogens (Baxendale and Hodges 1992).
In Massachusetts, ear damage of corn due to borer infestation may reach as high as
70% (Ferro and Fletcher-Howell 1985). Overall, annual yield losses and control
expenditures associated with the European corn borer cost farmers in the United States
more than one billion dollars (Iowa State University, Integrated Pest Management
Network 1997).
Unusual Life History and Biology
The borer overwinters as a diapausing fifth instar within crop residue or other suitable
host plants and pupates in the spring (Hudon et al. 1989). In Massachusetts, adults
emerge in late May to early June to mark the beginning of the spring moth flight. Female
adults prefer early planted corn that is in the mid to late whorl stage by late June or early
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July, and lay 500-600 eggs in clusters of 15-30 eggs on the underside of corn leaves 1-3
days after emergence. Egg masses are white and flat with individual eggs overlapping like
fish scales. Eggs hatch in 3-7 days, depending on the temperature. Newly-hatched larvae
are pale yellow-gray with black heads and are about 1/16-inch long. The larva has five
instars. Early instars tend to be foliage feeders and feed in the whorl and tassel (Hudon et
al. 1989), while late instars bore deep into the plant stalks and ears. The borers enter the
pupal stage for about one or two weeks. Thereafter, adults emerge to begin second moth
flight, which normally begins in late July or early August and terminates in early
September. Egg laying activity occurs throughout most of the second moth flight. In
general, second brood activity tends to occur in late planted corn. Larvae development
proceeds again through five instars until mature larvae enter diapause in late fall. The
overwintering larvae of the European corn borer are able to withstand -20°C temperatures
for up to 3 months, despite the formation of ice in their body tissues (Hanec and Beck
1960), which results in their being distributed over a 30°N to 55° N latitude (Hudon and
LeRoux 1986a). Like almost all insects, the development of the European corn borer is
temperature dependent. Researchers have developed different models for the borer based
on this relationship (Matteson and Decker 1965, Onstad 1988, Got and Rodolphe 1989).
Sex Pheromone and Sampling of the European Corn Borer
Sex pheromones emitted by female moths were isolated and identified as (E)-l 1Tetradecenyl acetate (E) and Z-l 1-Tetradecenyl acetate (Z). The sex pheromone gland is
a ring gland with the cells located ventrally being much larger than the cells located
dorsally (Hammad 1961). In the eastern United States, two pheromonal distinct strains of
European corn borer exist. One uses a 96: 4 E: Z blend, while the other responds to a 3:
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97 E: Z blend (Klun et al. 1973, Kochansky et al. 1975). Both pheromone blend
production and perception are controlled by the simple autosomal inheritance of a single
pair of alleles (Klun and Maini 1979). The sexual pheromones have been synthesized and
used in pheromone traps for monitoring the populations of the European corn borer.
However, the existence of various corn borer strains has complicated the use of such traps
in a practical program. Other methods of sampling such as visual field observation and
black-light traps have also been recommended (The Ohio State University 1993). The
difficulty of detecting infested kernels on the sides of ears and, consequently, the increased
likelihood of contamination from insect parts or frass (Anonymous 1989) makes it a
serious problem for fresh-market sweet corn.
Management of the European Corn Borer
Various methods of managing this pest and its sibling species the Asian corn borer,
Ostrinia furnacalis (Guenee), have been practiced in many countries. Cultural control has
long been employed as an aid to the management of the European com borer, which
includes plowing and inter-cropping and other methods. However, these methods can not
be used solely to solve the problem. For example, although plowing may be somewhat
effective in reducing overwintering populations within sweet cornfields, the multitude of
alternative hosts available to the European corn borer ensures a high degree of survival
outside cornfields. In addition, some cultural controls are also labor intensive.
Control of the borer using insecticides has proven to be effective from time to time,
and is still recommended. However, insecticides must be timed precisely to correspond
with the two- to three-day interval between egg hatch and borer invasion of the stems and
fruit. Once borers have tunneled into plants, control is almost impossible. This limited
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treatment period makes early detection of the borer infestation essential. In addition to the
expenditure used for insecticide applications, the pest may quickly develop resistance to
those commonly used insecticides.
Toxic genes from Bacillus thuringiensis (B.t.) have been engineered into corn and
proven to be effective against the corn borer. However, although the B.t. transgenic corn
has been approved by EPA, the FDA and the USD A, which found no negative human
aspects, problems occur when farmers overuse the technology. This problem arose during
the summer of 1996 when a small number of cotton farmers in several states reported that
they had to supplement the protection of the B.t. enriched cotton with an insecticide in
order to protect their crops from the cotton bollworm (Tally et al. 1997) because the pest
rapidly developed resistance to B.t. enriched cotton. Transferring of resistant genes from
other corn varieties to sweet corn were generally unsatisfactory (Straub and Emmett
1992).
A complex of native predators may suppress populations of the European corn borer
in some years and locations in the North Central states. Unfortunately, they do not
provide a predictable or economic level of control (Sparks et al. 1966). Natural enemies
such as coccinellid beetles, lacewings, nabid bugs, syrphid flies, and anthocorid bugs may
account for some degree of reduction in the infestation of the borer, but the effectiveness
varied greatly from season to season (Frye 1972, Risherson and Deloach 1973, Andow
and Risch 1985, Hudon and Leroux 1986b). On the other hand, inundative releases of
parasitoids may provide more predictable control of this important pest of corn. Releasing
the egg parasitoid Trichogramma spp. to control the borer in the egg stage is one of the
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successful methods of controlling Ostrinia spp. (Qian et al. 1984, Wang et al. 1984, Bigler
and Brunetti 1986, Li 1994).
Trichogramma spp.. Important Components of Integrated Pest Management of the
European Corn Borer
Biosvstematics and Genetics
Identification of Trichogramma species is mainly based on internal and external
morphological characteristics, especially, male genitalia. Quednau (1960) differentiated
Trichogramma species from Europe by using body color and duration of species
developed under given temperatures, and characteristic- of forewings and antennae.
Nagarkatti and Nagaraja (1968), and Pang and Chen (1974) used male genitalia, host
range and distribution to identify Trichogramma species. Dai and Wu (1987) studied the
ultra-structure of spermatozoa of T. ostriniae and T. dendrolimi using a transmission
electron microscope, and found that spermatozoa could be used as an aid of
Trichogramma classification (Dai and Wu 1987). Since wasps of Trichogramma species
are tiny and are widely distributed, their external morphological characteristics may not
differ greatly, especially for the species that parasitize the same host eggs in the same
niche. Researchers have tried to combine morphological characteristics with biochemical
traits to identify Trichogramma species in recent years. Hung and Huo (1985) studied
several enzymes of different Trichogramma species and found differences of
Phosphoglucomutase among different species. Esterase isozymes of different
Trichogramma species vary enough that it was suggested to be used as a supplementary
means to identify Trichogramma species (Xie 1989, Cao et al. 1988, Ouyang et al. 1988,
Pintureau 1993). As has been proposed by Vanlerberghe (1994), MtDNA can be used to
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trace the biologeographic history of the different mtDNA haplotypes found in
Trichogramma. Trichogramma ostriniae was named in 1974 by Pang and Chen (1974).
This species was originally found in Beijing, China, and on Asia corn borer eggs. T.
ostriniae may be roughly distinguished from other Trichogramma species by its triangular
DEG (Dorsal Expansion of Gonobase) and MVP (Median Ventral Projection).
Species of Trichogramma Used in the Control of the Borer and Problems
The selection of suitable species and strains of Trichogramma for managing European
corn borer has been the focus of many scientific studies. At least five Trichogramma
species are known to be effective and have been released in the field for controlling O.
nubilalis and O, furnacalis. Among them, T. evanescens was used in several countries
such as the former USSR (Beglyarov and Smitnik, 1977) and Germany (Hassan 1993) for
controlling O. nubilalis and in the Philippines (Felkl et al. 1990) for controlling O.
furnacalis; T. maidis Pintureau and Voegele (= T. brassicae) was used for controlling O.
nubilalis in the European countries, such as Switzerland (Bigler 1986), France, Italy,
Austria, and the Netherlands (van Schelt and Ravensberg 1990). In the United States,
studies have shown that T. nubilale Ertle and Davis appears to be the most suitable
candidate among several native Trichogramma species for controlling O. nubilalis
(Andow and Prokrym, 1991, Losey and Kalvin, 1990). However, mass rearing of this
species is currently expensive. T. ostriniae Pang et Chen has been shown to be effective at
controlling O. furnacalis in China (Qian, 1984; Wang et al. 1984, Zhang 1988, Zhang et
al. 1990), and possibly O. nubilalis in Europe (Hassan, 1990) and in the United states
(Wang et al. 1997). In addition, mass rearing of T. ostriniae on factitious hosts such as
Corcyra cephalonica (Stainton) has been successful and is inexpensive. Introduction of T.
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ostriniae for controlling the European corn borer was therefore considered and a
population of the species originating from Jilin province of northeastern China was
brought into the United States in 1990 for assessment.
Previous Studies on T. ostriniae and the Focus of the Dissertation Project
There have been studies on the biology, ecology and effectiveness of T. ostriniae for
controlling the Asian corn borer.
Temperature affects the activity of enzymes, the properties of cell membrane as well
as other physio-chemical activities, and consequently the development and behavior of
organisms. T. ostriniae can only survive for 1-2.5 days between 20-35°C without
supplemental nutrition (Zhang et al. 1983) and 3-8 days with 20% Sucrose solution (Gou
1986). At 27°C, females lay 59.2 eggs on average when supplied with 20% honey
solution and 56.6 eggs with 20% sugar solution, however, they can only lay 25.6 eggs on
average without nutritional supplements (Gou 1986). Zhang et al (1983) reported that
female T. ostriniae lay 25.4 eggs on average at 20-35° and 45-95% relative humidity. At
27°C and 96% relative humidity, a female lays 46 eggs on average. Almost 90% of female
eggs are laid during the first two days following emergence (Qian et al. 1984). In
addition, T. ostriniae prefers to parasitize younger eggs (B. W., unpublished data).
Therefore, accurate estimate of the development of T. ostriniae is crucial in biological
controls of Ostrinia spp. The effect of temperature as well as other factors on the
development of the species has been studied by several authors (Zhang et al. 1983, Qian et
al. 1984, Gou 1986). However, these studies either did not provide important information
as to where the tested population originated and how it was maintained or did not perform
suitable statistical analyses. Hence, whether their results can be applied to an introduced
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population is questionable, since different colonies of Trichogrammci may have significant
differences of behavior and biology (Pak 1986, Smith and Hubbes 1986, Pak et al. 1986,
1990, Wang and Zhang 1988, Pavlik 1992).
A common problem of biological control using Trichogramma spp. is the decline in
quality of laboratory reared colonies of the wasps. Genetic processes such as drift and
selection that could cause decreases in the field performance of laboratory-reared insects
have been a continuing concern in biological control and mass-rearing projects (Mackauer
1976, Roush 1990, 1995). Studies have shown that continuous rearing of Trichogramma
maidis Pintureau et Voegele on factitious hosts may result in quality decline of the reared
strains (Bigler 1988, 1994, van Bergeijk et al. 1989), and thus egg parasitism of the target
pests in the field. No comparable study has been conducted for T. ostriniae. Therefore,
Chapter two will consist of both the temperature-dependent development and comparison
of ovipositional behaviors of T. ostriniae reared on different hosts for several generations.
The functional response is an essential component of the dynamics of host-parasitoid
association, and is an important determinant of the stability of the system (Oaten and
Murdoch 1975). No studies have been conducted to establish the relationship between
host densities and rates of attack (functional response) for T. ostriniae. There have been
few documented examples of functional responses of insect parasitoids to their hosts
under field conditions. However, the Type II functional response has been shown to be
common for many arthropod predators under laboratory conditions (Holling 1961,
Royama 1971, Murdoch and Oaten 1975, Hassell 1978, Luck 1985). Some
Trichogramma species demonstrate either independent (Type I) or Type II functional
responses to host densities (Smith 1996). However, significant differences of the
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functional response have been observed under laboratory and field conditions (Gilbert et
al. 1976, O’Neil 1989). Therefore, the functional response of T. ostriniae to different
densities of European corn borer eggs were studied under laboratory and field conditions
as an index of its potential to regulate the European corn borer, which will be discussed in
chapter 3.
Relatively little knowledge is available concerning the dispersal distance and pattern
of Trichogramma species, especially that of T. ostrinicie. Wasps of Trichogramma almost
can not fly against wind because of their minute size (Keller et al. 1985). Wasps of T.
ostriniae can only walk when wind is stronger than 7.9m per second at 22°C. However,
they usually will fly when wind velocity is less than 5m per second at 24°C (Qian 1984).
The distribution pattern of parasitized egg masses in the field is probably aggregated as
has been reported by Wang et al.( 1984). Foraging behavior of T. ostriniae may be affected
by weather and plant architecture. The activity of Trichogramma spp. was greatly
reduced when temperatures were below 17°C (Smith 1994, Wang unpublished). The
foraging behavior of T. ostriniae and levels of egg parasitism changed with changing
temperatures (Wang unpublished). However, only extreme relative humidity has been
shown to affect the biology of T. ostriniae (Zhang et al. 1983). Relative humidities< 45%
and >95% reduced the rate of emergence and longevity of T. ostriniae wasps (Zhang et al.
1983), which is likely to result in reduced parasitism of eggs in the field. Some
Trichogramma species avoid walking on wet substrates and do not actively forage for
host eggs during periods of rain (Keller et al. 1985), but to what extent rainfall and leaf
wetness affects the behavior of T. ostriniae is unknown. Studies have also shown that the
seasonal increase of plant leaf area may affect rates of parasitism of the European corn
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borer eggs by T. pretiosum Riley (Abies et al. 1980) and T. nubilale Ertle and Davis
(Need and Burbutis 1979, Burbutis and Koepke 1981, Andow and Prokrym 1991).
Therefore, it is important to monitor weather conditions and plant architecture (primarily
plant height and leaf area) when evaluating the performance of Trichogrcimma spp. in the
field. The results of this study will be discussed in chapter 4.
Despite the fact that intensive studies have been conducted on Trichogramma, the
identification and selection of species and strains for controlling lepidopterous pests on a
given crop within specific regions are still important issues to address. There are more
than 150 known Trichogramma species. The inter- and intra-species variation and host
preference (Pak 1988, Hassan 1989) of Trichogramma species as well as the difficulty of
taxonomy of the genus (Pinto and Stouthammer 1994) make it a difficult task to select
effective species and strains. Use of less suitable Trichogramma strains could result in
failures of controlling the target insect pest (Hassan 1989).

The effectiveness of

Trichogramma in the field depends largely on its searching behavior, host preference such
as recognition and acceptance, and tolerance to environmental conditions.
Host recognition, acceptance and suitability may involve inter- and intra-specific
discrimination depending on the number of species involved. While these behavior
components can be tested in the laboratory successfully (Hassan 1989), the effectiveness
of different Trichogramma species can best be examined in field conditions by comparing
the level of egg parasitism. The hybridization incompatibility, inter- and intra-specific
discrimination and competition between T. ostriniae and T. nubilale will be discussed in
chapter 5.

Chapter 6 will focus on the comparison of the effectiveness of the two species

for controlling the European corn borer in sweet corn.
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CHAPTER 2
TEMPERATURE-DEPENDENT DEVELOPMENT AND OVIPOSITIONAL
BEHAVIOR OF TRICHOGRAMMA OSTRINIAE
Abstract
Trichogramma ostriniae Pang et Chen was reared continuously for seven generations
on its native host, O. furnacalis (Guenee). It took 6.7 days at 33°C and 20 days at 17°C
from oviposition to adult emergence, and there was no difference between sexes. Several
theoretic models were used to fit the temperature-dependent growth curves of T. ostriniae
and the results were compared. A transformed day-degree model and the Hilbert-Logan
model were recommended for predicting the development of T. ostriniae. The O.
furnacalis reared wasps by the seventh generation and at 27°C had a lower level of
parasitism than wasps from other generations and at other temperatures. The number of
wasps emerged from individual parasitized egg and percentage females produced did not
differ for all generations and temperatures. The differences among different generations
for the amount and proportion of time female wasp spent drumming host eggs did not
show any host and generation related trend. The time spent by female T. ostriniae reared
three generations on O. furnacalis and then four and six generations on Corcyra
cephalonica (Stainton) differed slightly from the other generations. High variability
among the tested wasps indicated that a large number of replicates is needed to detect the
generational differences.
Introduction
Use of different Trichogramma species to control lepidopterous pests has been
practiced in many countries, though most applications involved only five Trichogramma
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species against major pests, Ostrinia spp. and Helicoverpa zea (Boddie). At least six
Trichogramma species have been used around the world to control Ostrinia spp. (Li

1994, Smith 1996). Among them, T. nubilale Ertle and Davis is considered to be the
most suitable candidate for controlling the European corn borer, O. nnbilalis (Hubner) in
the United States (Losey et al. 1991), and T. ostriniae for the control of the Asian corn
borer, O.furnacalis in China (Zhang 1988, Zhang et al. 1990). However, until recently T.
nubilale is still infeasible to mass produce. Therefore, T. ostriniae was brought from Jilin

province of northeastern China into the United States for further evaluation to control the
European corn borer since the two species of corn borers have the similar biology and
studies have shown that T. ostriniae is a promising candidate for controlling the European
corn borer (Hassan 1994, Wang and Ferro unpublished data).
Temperature affects the activity of enzymes, the properties of cell membrane as well
as other physio-chemical activities, and consequently the development and behavior of
organisms. T. ostriniae can only survive for 1-2.5 days between 20-3 5°C without
supplemental nutrition (Zhang et al. 1983) and 3-8 days with 20% Sucrose solution (Gou
1986). Almost 90% of female eggs are laid during the first two days following emergence
(Qian et al. 1984). In addition, T. ostriniae prefers to parasitize younger eggs (Wang
unpublished data). Therefore, accurate estimate of the development of T. ostriniae is
crucial in biological controls of Ostrinia spp. The effect of temperature on the
development of the species has been studied by several authors (Zhang et al. 1983, Qian et
al. 1984, Gou 1986). However, these studies either did not provide important information
as to where the tested population originated and how it was maintained or did not perform
suitable statistical analyses. Hence, whether their results can be applied to the introduced
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population is questionable since different colonies of Trichogramma may have significant
differences of behavior and biology (Pak 1986, Smith and Hubbes 1986, Pak et al. 1986,
1990, Pavlik 1992).
A common problem of biological control using Trichogramma spp. is the declines in
quality of laboratory reared colonies of the wasps. Genetic processes such as drift and
selection that could cause decreases in the field performance of laboratory-reared insects
have been a continuing concern in biological control and mass-rearing projects (Mackauer
1976, Roush 1990, 1995). Studies have shown that continuous rearing of Trichogramma
maidis Pintureau and Voegele on factitious hosts may result in quality decline of the

reared strains (Bigler 1988, 1994, van Bergeijk et al. 1989), and thus egg parasitism of the
target pests in the field. No comparable study has been conducted for T. ostriniae. The
objectives of the present study consisted of both the temperature-dependent development
and comparison of ovipositional behaviors of T. ostriniae reared on different hosts for
several generations.
Materials and Methods
Parasitoid and Hosts
T. ostriniae were reared on either the eggs of rice moth, Corcyra cephalonica

(Stainton) or the eggs of Asian corn borer, O. furnacalis. C. cephalonica larvae were
reared on a wheat bran-soybean flour mixture (Zhu and Xie 1983, Zhang et al. 1991) at 27
±1°C and 75% r.h. Eggs (<24 hours old) of C. cephalonica were sterilized by UV
radiation (15W, 50 cm from light source for 30 minutes). O. furnacalis larvae were
reared on a semiartificial diet (Du et al. 1985) at 25 ± 1°C and 80% r.h. T. ostriniae were
reared from O. furnacalis eggs collected from the field in Jilin province of China.
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The experiment included the following studies for T. ostriniae: 1) temperaturedependent development, 2) the effects of temperature on the successful parasitization,
percentage emergence of the parasitized eggs and sex rate of the emerged wasps, and 3)
ovipositional behaviors of female wasps reared on different hosts.
Temperature-Dependent Development
Five female wasps, 48-72 hours old, were placed into a glass vial (15 cm long, 3 cm
diameter.) containing one O.furnacalis egg mass (50-70 eggs per mass) and held at 24°C.
After four hours, the wasps were removed and the parasitized eggs were placed in
chambers held at the following temperatures: 17, 20, 24, 28, 30, 33°C. The vials were
examined every 6-8 hours, and the sex and number of adults that emerged were recorded
for their time of emergence. This procedure was replicated 15 times for each temperature.
The wasps used for this experiment were reared for seven generations on O. furnacalis
then for three generations on C. cephalonica.
Several models have been proposed and used for the temperature dependent
development of insects. One of the earlier models is the linear day-degree model K = D
(T-C), where K is the thermal constant for the completion of the development of a specific
stage or generation; D is the time required for the completion of development at
temperature T; and C is the threshold temperature, below which no development occur.
The linear model is easy to use and the two estimated parameters are biologically
meaningful. Therefore, it has been used for many years. However, the linear relationship
only applies to the development rate between certain ranges of temperature for a given
species. Therefore, nonlinear models were proposed for modeling the non-linear growth
found at high and low temperatures. Among the non-linear models, the logistic equation
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proposed by Davidson (1942, 1944) and the Sigmoid equation used by Stinner et al.
(1974) were criticized for their drawbacks at higher temperatures (Logan et al. 1976,
Wagner et al. 1984). The Logan model (Logan et al. 1976), which combined two
exponential equations to describe development rates at intermediate and high temperatures
have been found overestimating growth at low temperatures (Hilbert and Logan 1983).
The model suggested by Sharpe and DeMichele (1977), though employed bio-physical
concepts, has been detected to overestimate insect growth at low and high lethal
temperature (Hilbert and Logan 1983, Gould and Elkinton 1990). The model is also
poorly suited for non-linear regression. Modification of the model by Schoolfield et al.
(1981) makes the parameters biologically interpretable in addition to its fit for non-linear
regression. The model provided by Hilbert and Logan (1983) can be written as

(T-bV
R = b (-f1 (T-b )2 + b

-e

(-b1+T-b2)/b4

), where R is the development rate at

temperature T\ bj is the rate of temperature-dependent, physiological process at base
temperature b2\ bi is the lethal maximum temperature; b4 is the temperature range between
the developmental maximum and b3, and b5 is a empirical “shape” parameter that controls
the inflection point of the sigmoid curve. This model has been shown to provide good fits
for the growth of several insects (Ferro et al. 1985, Roltsch et al. 1990). In our
experiment, it is likely that the temperature range did not reach the low and high region of
the development of T. ostriniae. Therefore, all the above mentioned models except for the
logistic equation were fitted to the data using SigmaPlot (Jandel Corporation 1994,
Version 2.0). However, a recent study by Kramer et al. (1991) showed that more
satisfactory parameter evaluation can be obtained by using the observed time other than
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the modified form of rate in least-square-error of non-linear regression. Accordingly, all
models were reparameterized as time models by inverting the equations on both sides. In
addition, the linear day-degree model was rearranged to D = K/(T-C), since D is the
outcome of the experiment, which was actually recorded. By this rearrangement, the
model is no longer linear. However, the outcome parameters are still biologically
important. We used the average number of hours needed for the species to complete
development from egg deposition to adult emergence. However, this method valids only
when the number of the wasps emerged from the hour the first wasp emerged to the hour
the last wasp emerged at a temperature distributed exponentially. This exponentiality was
checked by comparing, AH, the mean of the hours minus the minimum hours needed for
development, to its standard deviation (s.d.). A property of the exponential distribution is
that the mean is equal to the standard deviation. Thus if the number of wasps emerged
versus hours was distributed exponentially, then we would expect the two sample values
(AH and s.d.) to be approximately the same. The results indicated that the data indeed
exhibited exponential distribution.
All the models were compared for their goodness of fitting the observed values. The
criterion used was the Residual Sum of Squares, RSSm2 = Z(XfXJ2, where Xf is the model
fitted value and XQ is the observed mean time needed for the wasp to complete the
development at each temperature. The smaller the RSSn, is, the better the model fits to the
data.
The Effects of Temperature on Successful Parasitization, Wasp Emergence and Sex Ratio
Wasps from generations 1, 2, 6 and 7 for T. ostriniae reared continuously on O.
furnacalis, and wasps for T. ostriniae reared on O. furnacalis for three generations and
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then on C. cephalonica for 1, 4, 6 generations were used in this study. Chambers were
maintained at a photoperiod of 16: 8 (L: D) and 75% r.h. and at the following
temperatures: 17, 20, 24, 28, 30, 33°C. Five fertilized female wasps (48-72 hours old)
were placed into a glass tube (15 cm long and 3 cm in diameter) containing one O.
furnacalis egg mass (50-70 eggs per mass). The tube was then placed into an incubator

and the wasps were removed from the tube after 24 hours. This procedure was replicated
15 times for each temperature per generation. The number of parasitized eggs, number of
viable and non-viable host eggs and the number and sex of wasps that emerged were
recorded.
Logistic regression models (Hosmer and Lamshow 1989) were used for testing
whether temperature and rearing hosts had effects on successful parasitization of O.
furnacalis eggs, the rate of emergence of the parasitized eggs, and sex ratios of emerged

wasps. The independent variables were the dummirized temperatures (six temperatures,
thus five dummies) and generations (seven generations, thus six dummies). The dependent
variables analyzed each time were the rate of eggs parasitized (PARAE), the number of
wasps emerged from individual parasitized eggs (WASP) and the sex ratio of the emerged
wasps (SEX).
Ovipositional Behavior
The repertoire of behaviors associated with oviposition were characterized and
observed for the different generations to detect changes in behavior. An inexperienced
female wasp (24-48 hours old) was placed into a plexiglass well (5 mm deep by 17 mm
diameter) containing an egg mass of 20 Asian corn borer eggs. The well was covered
with a glass coverslip. Behaviors were observed through a dissecting scope with the well
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illuminated by a fiber optics light. The number and length of time allocated to the
following behaviors was recorded : 1) drumming on host eggs with antennae, and 2)
ovipositing in host egg (including drilling into host eggs and probing host contents with
ovipositor and egg deposition). Each wasp was left in the well for 15 minutes, allowing
the wasp to acclimate for the first 5 minutes with observations made over the last 10
minutes. The number of eggs laid per host egg and the sex of the offspring were recorded.
At least 10 wasps were observed for each generation tested.
Wasps from generations 1, 2, 6 and 7 for T. ostriniae reared continuously on O.
fnrnacalis, and wasps for T. ostriniae reared on O. fnrnacalis for three generations and

then on C. cephalonica for 1, 2, 4, and 6 generations were tested.
The ovipositional behavior among different generations of T. ostriniae wasps were
compared by using one way ANOVA and then Tukey test for multiple comparison among
different generations.
Results and Discussion
Temperature-Dependent Development
Optional development occurred at temperature from 28-33°C for both sexes. At
these temperatures, it took about 7 days for T. ostriniae to complete development from
egg to adult emergence. It took approximately 9, 14, and 20 days at 24, 20 and 17°C for
the completion, respectively. Our results were not the same with what have reported for
the temperature dependent development of T. ostriniae by Qian et al. (1984) and Gou
(1986). Qian et al. (1984) reported that it took 12.5 days when reared on Attacus sp.,
11.6 days on Dendrolimi spp. and 10.1 days on Agrotisypsilon (Rottermberg). Gou
(1986) reported that it took 10 days at 25°C for T. ostriniae to complete a generation
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when reared on the rice moth. Two factors may account for the differences. First, the
origin of the test population. Populations of the same species from different niches may
have adapted to local environmental conditions. Therefore, the development rates may
vary from one population to the other (Wang and Zhang, 1988). In addition, different
host eggs may have different thickness and nutritional values to T. ostriniae, and
consequently affected both the post embryonic development of T. ostriniae inside the host
egg and the time needed for getting out of the host egg.
The comparison for the fit of the six models to the data had the following results: the
Residue Sum of Squares (unit: day2) is 1.37 for the Sigmoid model (Stinner et al. 1974);

1.34 for the D = K/(T-C) model; 1.00 for the Quadratic model, D = aX2+bX+c (where X
is the temperature, a, b, and c are parameter to be estimate); 0.75 for the modified Sharpe
and DeMichele model (Schoolfield et al. 1981); 0.72 for the Logan model (Logan et al.
1976); and 0.68 for the Hilbert and Logan model (Hilbert and Logan, 1983). While all
models seem to fit the data quite well, the Hilbert and Logan model had the lowest RSSm
value. However, this model, requiring the estimation of five parameters, is quite complex
and may be necessary only in the case of building simulation model, which requires precise
estimation from every module. The values of the five estimated parameters are bi = 0.29,
b2 = 8.00, b3 = 36.92, b4= 5, and b5 = 20.12. There parameters, especially b2, b3 and b4,

are quite reasonable to what we have observed for T. ostriniae. The transformed day
degree model, though yielded a comparatively higher value of RSSm, may still be very
useful when precise estimation is not required. From the non-linear regression analysis,
the base temperature and thermal total is 10.71°C and 130.36 day-degrees respectively.
Therefore, the equation becomes 130.36 = D (T-10.71).
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Development of T. ostriniae

occurred over a relatively wide temperature range, which is characteristic of insects found
in temperate areas where there can be a relatively wide fluctuation in temperatures from
one day to the next.
The Effects of Temperature omSuccessful Parasitization. Wasp Emergence and Sex Ratio
There were some differences between the different temperatures and between
generations for percentage parasitism. The Wald’s P-value for the following temperature
related dummy variables are: Itemp 20 (temperature 20°C versus 17°C) is 0.784;
Itemp 24 (temperature 24°C versus 17°C) is 0.353; Itemp 28 (temperature 28°C versus

17°C) is 0.987; hemp 20 (temperature 30°C versus 17°C) is 0.932; and Itemp 33
(temperature 24°C versus 17°C) is 0.03. This means percentage parasitism at 33°C was
significantly lower than at other temperatures, and there were no differences among the
levels of parasitism at the other temperatures. The Wald’s .P-value for the following
generation related dummy variables are: I gen 2 (OF2 versus OFi) is 0.117; I gen 3 (OF6
versus OFi) is 0.671; I gen 4 (OF7 versus OFi) is 0.056; IgenJ (F3+i versus OFi) is 0.932;
Igen6 (F3+4 versus OFi) is 0.146, and Igen J (F3+6 versus OFi) is 0.906. Therefore, there

was not much differences between generations, except for generation OF7, which had a
marginal P-value when compared with OFi.
There were no statistical differences for the number of wasps that emerged from each
egg or the proportion of females produced for each generation tested at different
temperatures. The variability between replicates was too great to show any statistical
differences. The percentage parasitism ranged from a low of 10% at 33°C and a high of
69% at 20°C, and ranged from 25% to 69% from 20°C to 28°C (Table 2.1, page 32). The
number of wasps that emerged from each host egg ranged from 0.3 at 24°C and 33°C to
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1*51 at 28°C (Table 2.2). The proportion of females produced per egg mass ranged from
0.62 to 0.86 for the different temperatures and generations (Table 2.3, page 33).

Table 2.1. Percentage (mean ± s.d.) of O. furtiacalis eggs parasitized by different
generations of T. ostriniae at different temperatures

Gen.a
OF!
of2
of6
of7
F3+1
F3+4
F3+6

17°C
24 ± 17
26 ±9
36 ±22
24 ± 15
34 ±20
61 ±25
58 ±25

20°C
59 ±28
25 ±22
60 ± 16
32 ±20
60 ±25
69 ±22
69 ±25

24°C
59 ±23
42 ±36
65 ±25
38 ±23
64 ±29
68 ±21
58 ± 12

28°C
59 ±31
31 ±30
59 ±22
33 ±29
74 ±26
62 ±29
61 ±31

30°C
-

27
44
34
69
47
56

±31
±29
±27
± 16
±23
±27

33°C
23 ±23
23 ±21
12 ± 15
16 ± 16
10 ± 13
41 ±29
48 ±28

Gen., generation tested; OF, reared on O. furnacalis for x generations; Fx+y, reared on
O. furnacalis for x generations then on C. cephalonica for y generations.

Table 2.2. Number (mean ± s.d.) of T. ostriniae wasps that emerged per parasitized O.
furnacalis egg for different generations and temperatures

Gen.a
OFi
of2
of6
of7
F3+1
F3+4
F3+6

17°C
1.2 ± 0.7
0.6± 0.3
0.5 ± 0.4
1.1 ± 0.7
0.9 ± 0.7
1.0 ± 0.2
1.0 ± 0.3

20°C
1.4 ± 0.6
1.3 ± 0.6
1.0 ± 0.2
1.2 ± 0.5
1.3 ± 0.4
1.1 ± 0.4
1.3 ± 0.6

24°C
1.1 ± 0.3
1.3 ± 0.7
1.6 ± 0.9
0.3 ± 0.2
1.1 ± 0.5
0.4 ± 0.3
0.6 ± 0.6

28°C
1.5 ± 0.5
1.2 ± 0.4
1.2 ± 0.4
1.1 ± 0.7
1.4 ± 0.3
1.2 ± 0.5
1.1 ± 0.5

30°C
-

1.0
1.0
1.2
1.3
1.0
1.0

±
±
±
±
±
±

0.6
0.3
0.5
0.2
0.4
0.3

33°C
0.7 ± 0.5
0.8 ± 0.5
0.6 ± 0.4
0.7 ± 0.5
0.3 ± 0.3
1.1 ± 0.7
1.2 ± 0.6

a Gen., generation tested; OF, reared on O. furnacalis for x generations; Fx+y, reared on
O. furnacalis for x generations then on C. cephalonica for y generations.
Except for generation OF7 and at temperature 33°C, there was no apparent difference

among generations in their response to the different temperatures based on the parameters
observed. The levels of parasitism for the different generations of T. ostriniae that had
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of7
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Table 2.3. Percentage (mean ± s.d.) of female T. ostriniae wasps that emerged from
parasitized O. furnacalis eggs for different generations and temperatures

24Q|C
86 ± 10
75 ± 40
63 ± 37
63 ± 37
83 ± 25
66 ± 14
62 ± 49

C
78 ± 13
90 ± 26
67 ± 43
67 ± 43
85 ± 10
60 ± 11
72 ± 37

30°C
-

83 ±36
82 ±30
82 ±30
87 ±6
82 ± 14
86 ±26

33° C
83 ± 31
93 ± 49
81 ± 56
81 ± 56
97 ± 64
71 ± 49
78 ± 26

a Gen, generation tested; OF, reared on O. furnacalis for x generations; Fx+y, reared on
O. furnacalis for x generations then on C. cephalonica for y generations.

been reared on C. cephalonica were the same as those reared on O. furnacalis when each
was exposed to O. furnacalis eggs. The number of wasps emerged per egg was the same
as for all generations tested. The proportion of females produced for each treatment was
the same across generations.

These data would indicate that T. ostriniae is capable of

successfully foraging for host eggs over a relatively wide temperature range. This is very
reasonable for a parasitoid that exists in the northern temperate areas of China where
temperatures in late May are in the mid-teens and can exceed 35°C in mid summer.
Ovipositional Behavior
There were some differences (ANOVA; F = 4.49; df = 7, 72; P <0.01) among
generations for the number of seconds each wasp spent drumming (Table 2.4, page 34).
However, the values did not demonstrate any clear trend based on generations tested.
Part of the reason may be the high variability of the drumming behavior among individuals.
The marginal difference (ANOVA; F— 2.12; df =7, 72; P — 0.052) exhibited among
generations for the number of seconds each wasp spent ovipositing came from the
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Table 2.4. Ovipositional behavior (mean ± s.d.) of different generations of inexperienced
female Trichogramma ostriniae wasps when Ostrinia furnacalis eggs were the host

Gen1.
OFi
of2
of6
OF7
F3+i
F3+2
F3+4
F3+6

D2
19.6ab3
22.9ab
22.3ab
30.0b
24.9b
25. lab
10.3a
26.4b

O
78.6ab
52.2ab
52.2ab
81.6ab
67.2ab
82.9ab
35.5a
105.9b

DT
0.37ab
0.54ab
0.63b
0.25a
0.28ac
0.36ab
0.55bc
0.25a

OT
0.18a
0.01a
0.13a
0.22ab
0.41b
0.15a
0.11a
0.08a

1 Gen, generation tested; OF, reared on O. furnacalis for x generations; Fx+y, reared on
O. furnacalis for x generations then on C. cephalonica for y generations.
D, time spending drumming in seconds; O, time spending ovipositing in seconds;
DT’ proportion of time drumming while on egg and, OT, proportion of time
ovipositing while on egg for 10 min. observation.
3 Within a column, means follwoed by the same letter are not significantly different
(P > 0.05, Tukey test).

difference between generation F3+4 and F3+6. Though we do not have an explicit
explanation to this result, the higher variability among individuals may again account
partially for this phenomenon. This indicates that large number of replicates is needed for
further evaluation of ovipositional behaviors of T. ostriniae. For the duration of the wasp
spent drumming and ovipositing, readers should not judge the wasps quality solely based
on the value of the two parameters. During the experiment, we found that, for a
successful parasitization, a female wasp usually spent 20-30 seconds drumming and 60 -80
seconds ovipositing. This would indicate that only generation F3+4 and F3+6 behaved a
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little differently from the other generations. There were some subtle differences between
generations in the proportion of time spent ovipositing while on an egg. For the 10
minute observation period, no more than a little over two minutes of the wasp’s time was
spent in association with a host egg. There were no discernible differences in the
behaviors associated with oviposition for the different generations, whether the wasps
were reared continuously on O. furnacalis or C. cephalonica.
T. ostriniae was successfully reared under laboratory conditions on its native host, O.
furnacalis, and on a factitious host, C. cephalonica. Generally, there were no apparent
differences in wasp behaviors associated with oviposition for the different generations
tested. However, there appeared to be a gradual decrease in the number of eggs
parasitized per day per wasp as the number of generations in colony increased. There
were no generational differences in the percentage of eggs parasitized, number of wasps
that emerged per parasitized host egg or the proportion of females produced as a function
of temperature (17-33°C). These laboratory studies would indicate that T. ostriniae can
be reared in mass for several generations either on the target host O. furnacalis or on the
factitious host C. cephalonica, and if proper quality control is maintained, still produce
wasps that can parasitize the target pest. These studies do not address any questions
about how these wasps would respond field conditions, but do provide important
background information for mass production.
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CHAPTER 3
FUNCTIONAL RESPONSES OF TRICHOGRAMMA OSTRINIAE TO OSTRINIA
NUBILALIS UNDER LABORATORY AND FIELD CONDITIONS

Abstract
Laboratory tests and field experiments were conducted to determine the functional
response of 7. ostriniae Pang et Chen to its host, eggs of the European corn borer (ECB),
O. nubilalis (Hiibner) under different conditions. Individual female wasps were offered

different densities of host eggs for 16 hours at 17, 20 and 27°C. Field experiments were
carried out in a sweet corn field that was divided into six plots of equal size (120 m2).
Sentinel ECB egg masses were exposed to wasps for 3 days, from day 0 to 3 and day 4 to
7 after releasing wasps. Both the laboratory study and field experiments indicated that egg
parasitism was positively correlated with egg density. However, this relationship differed
significantly for the three temperatures in the laboratory study and varied considerably for
the different days of exposures (day 0-3 versus day 4-7) and for different replicates (time
of the year). The Gompertz equation and a modified disc equation were fitted to the
laboratory data categorized based on temperatures. The results showed that female T.
ostriniae might exhibit the Type II or Type III functional response depending on

temperatures. The field data suggested a Type II functional response when data were
pooled for all replicates.
Introduction
The European corn borer is an introduced insect pest that was first reported in the
northeastern United States in 1917 (Vinal 1917, Smith 1920). It has become a widespread
and serious pest of corn and other crops such as potatoes and beans (Hodgson 1928,
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Dicke 1932, Hudon and Leroux 1986, Beck 1987, Lewis 1975). The borer overwinters as
a diapausing fifth instar within crop residue and pupates in the spring (Hudon et al. 1989).
Adults lay egg masses on the underside of corn leaves 1-3 days after emergence. Early
instars feed in the whorl and the tassel (Hudon et al. 1989). Late instars bore into the corn
stalks and ears. Ear damage of corn due to borer infestation may reach as high as 70%
(Ferro and Fletcher-Howell 1985). A complex of native predators may suppress
populations of the European corn borer in some years and locations in the North Central
states, but they do not provide a predictable or economic level of control (Sparks et al.
1966). Inundative releases of parasitoids may provide more predictable control of this
important pest of corn.
Trichogramma spp. have been evaluated for controlling the European corn borer in

the United States. Among the native Trichogramma species, only T. nubilale Ertle and
Davis may be effective (Losey 1991). Unfortunately, this species is not commercially
available and it is expensive to mass produce. T. ostriniae Pang et Chen is endemic to
China where it has been found to parasitize 70-90% of eggs of the Asian corn borer, O.
furnacalis Guenee (Wang et al. 1984, Cock 1985, Zhang 1988). A population of T.
ostriniae originating from northeastern China was brought into the United States for

evaluating its potential for controlling the European corn borer.
Previous studies on T. ostriniae focused on the biology (Zhang et al. 1983, Qian et al.
1984, Gou 1986, Wang et al. 1990), the effectiveness of releasing this species to control
the Asian corn borer in China (Wang 1988, Zhang 1988), and dispersal of the species in
the field following releases (Wang et al. 1984). No studies have been conducted to
establish the relationship between host densities and rates of attack (functional response)
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for T. ostriniae. There have been few documented examples of functional responses of
insect parasitoids to their hosts under field conditions. However, the Type II functional
response has been shown to be common for many arthropod predators under laboratory
conditions (Holling 1961, Royama 1971, Murdoch and Oaten 1975, Hassell 1978, Luck
1985). Some Trichogramma species demonstrate either independent (Type I) or Type II
functional responses to host densities (Smith 1996).
The functional response is an essential component of the dynamics of host-parasitoid
association, and is an important determinant of the stability of the system (Oaten and
Murdoch 1975). However, significant differences of the functional responses have been
observed under laboratory and field conditions (Gilbert et al. 1976, O’Neil 1989).
Therefore, the functional response of T. ostriniae to different densities of European corn
borer eggs were studied under laboratory and field conditions as an index of its potential
to regulate the European corn borer.
Analyses of functional response data have been the focus of many studies (Livdahl
and Stiven 1983, Houck and Strauss 1985, Williams and Juliano 1985, 1987, 1996, Fan
and Petitt 1994). However, most of these studies were centered on finding better methods
for parameter estimation of the functional response without even performing statistical
tests to check whether prey (host) density is a significant factor for the number attacked
(parasitized). Linearization of the disc equation was proposed (Holling 1959, Livdahl and
Stiven 1983) because of the unavailability of the suitable statistical software to most
researchers. However, non-linear curve fit functions are now available in such softwares
as SAS for windows (SAS institute Inc. 1990), SigmaPlot (Ver. 2.0, Jandel Corperation
1994) and STATA (Ver. 4.0, STATA Corporation 1995). Therefore, for laboratory
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study, we analyzed data using a linear regression to test whether host density and
temperature affected the number of ECB eggs parasitized by T. ostriniae. For the field
experiments, the data were analyzed using a linear regression to evaluate the effect of egg
density and days of exposure of host eggs to the wasp on egg parasitism. Based on these
results we determined whether the functional response equations could be fitted to data
collectively or separately using the non-linear method. We also compared the goodnessof-fit (Zar, 1996) of the Gompertz equation (Trexler et al. 1988) and the modified disc
equation (Hazzard and Ferro 1991) to determine whether the wasp exhibited a Type II or
Type III response and under what conditions.
Materials and Methods
Host
Pupae of the European corn borer were shipped from the USDA/ARS, Corn Insect
Research Laboratory, Ames, IA. On arrival, the pupae were placed into a cage (60 x 40 x
40 cm) where adult moths began to emerge within three days. The bottom of the cage
was made of wood, while the sides were composed of metal screen. Wax paper was
placed on the ceiling of the cage as a substrate for oviposition. Egg masses were
separated by cutting the paper into pieces, each containing one egg mass. Egg masses
containing approximately 30 eggs were used for placing in the field for the experiment.
We only used egg masses that were less than one day old since this is the preferred stage
for oviposition by T. ostriniae (B. W. unpublished data).
Parasitoid
T. ostriniae was collected from Jilin provinces of China and first colonized in the

United States under laboratory conditions at the Biological Control Laboratory, USDA,
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Mission, TX. Parasitized European corn borer eggs were shipped from the
USDA/APHIS/PPQ laboratory to establish the University of Massachusetts colony. The
colony was maintained in the laboratory on European corn borer eggs. Studies have
shown that long term and continuous rearing of Trichogramma spp. on a factitious host in
the laboratory decreases the quality of the wasps (van Bergeijk et al. 1989, B.W.
unpublished data). To maintain the quality of the wasp colony, the wasps were released
into a corn field to parasitize sentinel European corn borer eggs, and parasitized eggs were
brought back either in later summer or early fall and introduced into the colony. Wasps
were also released once within a greenhouse after having been reared continuously for 5-8
generations in the laboratory to expose them to eggs placed on corn plants.
Laboratory Study
Six different densities of European corn borer eggs with approximately 5, 20, 30, 40,
55, and 80 eggs per egg mass were chosen for the study. Each egg mass was placed into a
glass tube (height 7 cm, diameter 2 cm). The egg mass was taped onto the inside middle
of the tube. One female wasp (less than 12 hours old and paired with a male for at least 2
hours) was introduced into each glass tube. The wasps were kept in each tube for 16
hours under constant light and then removed from the glass tube. All test tubes with eggs
were then placed in an environmental chamber maintained at 27°C and a photoperiod of
16:8 (L:D). This procedure was repeated for three different temperatures (17, 20 and
27°C), and 10 wasps were tested for each density and temperature.
The number of eggs parasitized were based on eggs turning gray or black (pupal
stage), which occured approximately 4 days after being exposed to wasps. During this
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period, European corn borer larvae that hatched were recorded and removed from the test
tube, since newly hatched larvae often attack the unhatched and parasitized eggs.
Field Experiment
The experiment was conducted in South Deerfield, Massachusetts. We divided a 0.25
ha sweet corn field into six plots. On each Friday (day 0-3) and the next Tuesday (day 47), each of the densities (90, 180, 270, 360, 450 and 540) of European corn borer eggs
was stapled onto the collar of the uppermost leaf of the three center corn plants in each
plot. Density assignment was chosen randomly. Once ears began to develop, sentinel egg
masses were stapled onto leaves immediately above the ear, since one-third of all eggs are
laid in this zone (Windels and Chiang 1975).
Ten thousand I ostriniae (pupal stage), divided equally and placed into three paper
cups (Height 9 cm, diameter 9 cm), were placed in the field each Friday. Totally six
releases were conducted. The top of each cup was screened with plastic netting to
prevent the parasitized eggs from attack by predators. The cup was then placed in a
wooden shelter 1 m above the soil surface. The three release points were the center of
each pair of opposite plots. Most adult wasps emerged within 12 hours of being placed in
the field. Eggs stapled onto corn plants were left in the field for three days and then
returned to the laboratory and kept in an environmental chamber (27 ± 0.5°C, 70-80% r.
h. and 16:8 (L:D)) for 3-5 days. The number of eggs parasitized was determined by
counting the number of European corn borer eggs containing prepupae of T. ostriniae.
Statistical Analysis
The data from the laboratory studies were analyzed using a linear regression to test if
both temperatures and egg densities affected the number of eggs parasitized. In the
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analysis, two dummy variable were assigned for the three temperatures. Itemp_20 stands
for temperature 20°C versus 17°C, and Itemp_27 for temperature 27°C versus 17°C. A
scatter plot of the number of eggs parasitized versus egg density based on temperatures
indicated a decreasing trend in the number of eggs parasitized as temperature decreased.
Therefore, the data for different temperatures were fitted to the Type II functional
response equation (disc equation) separately, since both temperature and egg density were
significant factors for egg parasitism. We used the non-linear curve fit procedure of SAS
for both the Gompertz and disc equation despite the recent arguments of whether to use
the linearized or non-linearized form (Fan and Petitt 1994, Williams and Juliano 1996).
aN T

The disc equation is 7V a = ---: where, Na is the number of eggs parasitized; Nt
1
oc Th N [
is egg density; T is the total time eggs exposed to wasps (=16 hours in this study); a is the
rate of attack and Th is the handling time, which is defined as the time that elapses from the
discovery of host until the search is resumed. The initial values of a and Th were
estimated using a reciprocal linearization of the disc equation, P/Na = (VaTN)+Th/T. In
order to determine whether the Type III response is more suitable for describing the data,
the Gompertz equation Na=PiQxp(-P2exp(-PsN)) (Trexler et al. 1988) was also fitted to
the data using SigmaPlot: where Pi (the asymptote); P2 (the position of the curve along X
axis); and P3 (the rate of approach of the curves to the asymptote) were parameters to be
estimated.
The data from the field experiments were analyzed using a linear regression model for
determining the effect of European com borer egg density and egg exposure time on the
number of eggs parasitized (PARAE). The independent variables evaluated in the models
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were, egg density (NEGG); days (day 0-3 or day 4-7) of placing eggs onto corn leaves
(■TUFRI); release date (REPLICA); and plot location (PLOT) with respect to the different
densities of eggs distributed. Since TUFRI, REPLICA and PLOT were all categorical,
dummy variables were used for them (see Table 3.1 for the assignment of dummy
variables). Possible interactions between the main variables were tested using the linear
N

aN

TP

\+aThNt

model. STATA was used for the tests. The modified disc equation — =--— was

then fitted to the data: where P is the number of wasps per plant (in this study it was equal
to 1.5, assuming the wasps were distributed evenly throughout the field and did not
disperse to other fields); and T was equal to three days in this case. We followed the
procedure suggested by Williams and Juliano (1985), and Hazzard and Ferro (1991) to fit
the disc equation to the data, since the variance of the number attacked differed when the
egg density changed. However, we did not fit the data using the ‘random attack model”
(Royama 1971, Rogers 1972), which takes prey depletion over time into consideration.
The reason is that even though the number of suitable eggs decreased over time as wasps
parasitized some of the eggs, they still had to examine those already parasitized and spend
approximately the same amount of time on those eggs as on the unparasitized eggs.
Therefore, egg depletion virtually did not occur in this experiment.
Results
Laboratory Study
Temperatures as well as egg densities contributed significantly to the number of eggs
parasitized. The P-values for variables NEGG, ITEMP 20 and ITEMP 27 were less than
0.001 from the linear regression analysis. The mean ± standard error of coefficient for

46

NEGG, TEMP20 (temperature =20°C) versus TEMP 17 (temperature = 17°C), TEMP27

(temperature = 27°C) versus TEMP 17 was 0.369 ± 0.034, 12.554 ± 1.761 and 11.594 ±
1.815, respectively, which further indicates that the number of eggs parasitized at 20°C
did not differ significantly from that at 27°C, though both were significantly higher than at
17°C. Therefore, the disc equation and the Gompertz equation were fitted to the data
separately for each temperature.
It appears that the wasp had different types of functional responses at different
temperatures. At 17°C, there was not much difference between Type II and Type III
models in fitting the data (Figure 3.1). The P-value for both the Gompertz equation fit

Number of eggs provided to individual female wasp (/V)

Figure 3.1. Number of O. nubilalis eggs parasitized by individual female T. ostriniae
when provided with different densities of European corn borer eggs at 17°C.
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versus the observed data, and the disc equation fit versus the observed data are about the
same ( Chi-Square test, P-value for both < 0.0001). This does not imply that the data do
not show a Type II or III functional response. The poor fit is likely due to the high
variance of the data. At 20°C, the disc equation (Chi-Square test of the observed data
versus the fit value, P = 0.9998) provided a better fit than the Gompertz equation (ChiSquare test of the observed data versus the fitted value, P <0.0001), indicating a possible
Type II response (Figure 3.2). At 27°C, the Gompertz equation (Chi-Square test of the
observed data versus the fitted value, P = 0.2189) provided a better fit than the disc

Number of eggs provided to individual female wasp (N)

Figure 3.2. Number of O. tmbilcilis eggs parasitized by individual female T. ostriniae
when provided with different densities of European corn borer eggs at 20°C.
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equation (Chi-Square test of the observed data versus the fitted value, P = 0.0099) for
describing the data (Figure 3.3), indicating a Type III functional response. The asymptote
locates approximately at 35 eggs. The results were highly influenced by the large variation
in the data at the higher densities and from a biological perspective it is doubtful that a
/

Type III response is any more appropriate than a Type II. The dispersion of the data for
the three temperatures differed. At 27°C, when egg density per individual wasp was >40,

Number of eggs provided to individual female wasp (AI)

Figure 3.3. Number of O. nubilalis eggs parasitized by individual female T. ostriniae
when provided with different densities of European corn borer eggs at 27°C.
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the number of eggs parasitized by individual wasps varied considerably; at 17°C, the
number varied over a wider range of egg densities per wasp (20-80), while at 20°C the
variation was much less. Decreased variation in egg maturation rates, and/or a
decrease in mortality at 20°C than at 17°C and 27°C may account for the lower variance
associated with the number of eggs parasitized at 20°C.
Field Experiment
Egg density (NEGG) and time of exposure (TUFRI) as well as replicates (REPLICA)
significantly affected the number of eggs parasitized (.PARAE) (Table 3.1). Thus, the data
were split into two groups based on days of exposure (day 0-3 and day 4-7). Since the

Table 3.1. The coefficients (Coef.) and P values for the linear regression analyses using
the number of eggs parasitized (PARAE) as a dependent variable and egg density
(NEGG), days of exposure (TUFRI), replicates (IREP2-5 = replicate 2-5 versus
replicate 1), plot locations (IPLOT2-6 = plot 2-6 versus plot 1), and constant
(CONST).

Coef.
P-value

NEGG
0.20
0.006

TUFRI
-50.04
0.017

IREP2
7.85
0.808

IREP3
-19.07
0.556

IREP4
-80.40
0.016

Coef.
P-value

IPLOT2
-36.10
0.323

IPLOT3
14.76
0.699

IPLOT4
-16.60
0.648

IPLOT5
-56.55
0.127

IPLOT6
-73.84
0.083

IREP5
-72.32
0.029
CONST
114.28
0.007

scatter plot of the data did not suggest a sigmoid functional response, it is inappropriate to
use the Gompertz equation to fit the data. Instead, the disc equation was fit to the two
groups of data separately. The results (Figure 3.4, page 51) indicate that the increased
handling time, 0.0053 days (= 7 min.) versus 0.032 days (= 46.1 min.) for eggs placed in
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the field the same day and 4 days after releasing wasps, respectively, might be responsible
for the decline in the number of eggs parasitized. However, there was almost no
difference between the two attack rates. The attack rate for eggs distributed on the same
day the wasps were released was 0.1010 and for eggs distributed 4 days later was 0.1096.
The decreased levels of parasitism on days 4-7 may also be caused by the disappearance of
the wasps through dispersal or mortality.

Figure 3.4. Number of European corn borer eggs parasitized by T. ostriniae at different
densities of the eggs exposed to wasps for 3 days. Data were fitted to the modified
disc equation. The open circle (O) and filled circle (•) represent the observed Mean
± SD for eggs distributed at the same day and 4 days after releasing wasps,
respectively.
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Further analysis indicated that for eggs distributed on day 0, both egg density (P =
0.012) and replicates (P for IREP4 and IREP5 = 0.042 and 0.007, respectively)
contributed significantly to the levels of parasitism. Only egg density (P = 0.054),
however, had a significant affect on parasitism for eggs distributed 4 days after releasing
wasps. There were no interactions between the main effects (all P-values >0.10). Thus,
the data were fit to a model including NEGG, REPLICA, TUFRI as the independent
variables and PARAE as the dependent variable. Again, both egg density (P = 0.000) and
date of egg distribution (P = 0.014) significantly affected the number of eggs parasitized
(Table 3.2). Among the five replicates (releases), the number of eggs parasitized did not

Table 3.2. Coefficients and P-values for the final model containing PARAE as
the dependent variable, NEGG, TUFRI, IREP2, IREP3, IREP4 and IREP5 as
independent variables (variables have been described in Table 3.1).

Variable
Coef.
P-value

NEGG
0.248
0.000

TUFRI
-50.767
0.014

IREP2
14.583
0.648

IREP3
-10.667
0.738

IREP4
-66.417
0.041

IREP5
-60.167
0.064

CONST
67.443
0.040

seem to differ significantly between replicates 2 and 1 (P = 0.648), and between replicates
3 and 1 (P = 0.738). However, the number of eggs parasitized differs between replicate 4
and 1 (P = 0.041), and possibly between replicate 5 and 1 (P = 0.064). Consequently, the
disc equation was then fit to individual data sets categorized according to the date of egg
distribution. However, the handling time of some data became very sensitive to the initial
value of a and 7),, and even equal to a negative value, which clearly did not make any
sense. Therefore, we did not present the values of a and Th for individual replicates.
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Discussion
The functional response characterizes a relationship between the rate of attack by a
predator (or parasitoid) and its prey (host) density. The relationship may be represented
by: (1) a constant (Type I), i.e., density independent, (2) a decreasing curve (Type II), i.e.,
inverse density dependent, and (3) an increasing curve (Type III), .i.e., positive density
dependent over a limited range of prey densities (Holling 1959, Hassell et al. 1977).
Previous laboratory studies on Trichogramma spp. indicated that they had either Type I or
Type II responses. Kfir (1983) concluded that T. pretiosum Riley exhibited a Type II
functional response. Percent parasitism of Heliothis zea (Boddie) by Trichogramma spp.
in the experiment conducted by Morrison et al. (1980) varied from inverse density
dependent to density independent depending on the distance between host eggs offered to
wasps. The field data of Shen and Li (1987) for egg parasitism of the Asian corn borer by
Trichogramma spp. suggests that the level of egg parasitism was independent of egg mass
size, indicative of a Type I response. The results of our laboratory study indicate that the
functional response of T. ostriniae could change from one type to another at different
temperatures. This change in response may be the result of a change in foraging behavior
of the wasps at different temperatures that are associated with changes in host acceptance
(B. W. unpublished data), variations in fecundity (Gou 1986), and the longevity of female
wasps (Zhang et al. 1983, B. W. unpublished data). Trichogramma possibly possess a
learning ability to discriminate parasitized eggs and unparasitized eggs through experience
(Klomp et al. 1980), which may result in the Type III response. Female wasps were more
active and foraged more frequently at 27°C, which increased the wasps’ chance to come in
contact with host eggs. This might have accelerated the learning process of the wasp and
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increased the rate that eggs were parasitized per unit time over the initial range of low
densities of host eggs. On the other hand, as egg density increased, the female could only
parasitize a small portion of the eggs provided. T. ostriniae prefer freshly laid eggs to
older eggs (B. W. unpublished). Higher temperature accelerated the rate of egg
development, hence lowered the preference of the wasp to these eggs. Therefore, the
increase in the attack rate from learning may not be high enough to compensate the
decrease in the attack rate owing to host age preference.

Consequently, the overall attack

rate decreased over higher host densities. The above discussion could help to explain why
the data for T. ostriniae obtained at 27°C fit a Type III response.
Our field study with T. ostriniae yielded almost the same results as that of other
researchers dealing with other arthropod parasitoids and predators under field conditions.
The Type II response equation fit the data sets for eggs distributed on the same day and 4
days after releasing wasps. However, differences existed among the different release dates
(replicates). One reason for the difference was that the field environmental conditions
changed over time. Wang (unpublished data) showed that both temperature and leaf area
of com plants affected egg parasitism of the European corn borer by T. ostriniae.
Fluctuations of rainfall and light intensity in the field over time could have affected the
activity and behavior of wasps, thus affecting egg parasitism.
Trexler et al. (1988) presented a convincing argument about the difficulty in finding a
best model for fitting functional response data. We tried to compare how well the
different models fit the data using the fractional polynomial function (Royston 1994) of
STATA. The models compared were Linear, Quadratic, Cubic and Box-Tidwell (Y= bo +
b\X + b2X\nX, where Y is the number of eggs parasitized and X is the egg density).
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However, the results did not assist in the determination of a best fit model. Consequently,
the results were not presented.
Female T. ostriniae laid on average 59.2 eggs (Gou 1986) and 90% of these eggs laid
within the first two days following adult emergence (Qian et al. 1984). The life span of
adult T. ostriniae ranged from 4-9 days when provided with 20% honey solution (Gou
1986). The differences in levels of egg parasitism between the eggs placed in the field on
the day of parasitoid release(day 0-3) and 4 days later (day 4-7), therefore, were likely due
to the short life span and egg laying behavior of T. ostriniae. Other factors which must be
taken into consideration are the tendency for parasitoids to emigrate from release areas
when searching results in infrequent encounters due to the limited number of host eggs, or
when unacceptable hosts are encountered. Both mortality and emigration of T. ostriniae
may have caused a high rate of disappearance of female wasps. Though the rate of
disappearance for T. ostriniae is not known, an exponential disappearance rate of -0.52 ±
0.03 each day for T. nubilale in a corn field was reported by Andow and Prokrym (1991).
It is likely then that the I ostriniae population was much reduced when egg masses were
placed in the field 4 days after the parasitoids were released.
Density dependent parasitism, which is one of the mechanisms regulating host
populations, may arise from two different sources: the numerical response and the
functional response. In general, both our laboratory tests and field experiments yielded the
Type II functional response, except for the laboratory experiment at 27°C, which
produced a weak Type III response. A parasitoid having only the Type II functional
response may not be able to regulate its host populations in a conventional biological
program (Hassell and May 1973, Murdoch and Oaten 1975, Hassell 1978). However,
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since most biological control programs using Trichogramma are intended to inundatively
release the wasps, a numerical response should result. It may also be possible to obtain a
Type III response by monitoring environmental conditions and improving release
techniques, and therefore, to achieve better control of the target insect.
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CHAPTER 4

IMPORTANCE OF PLANT SIZE, DISTRIBUTION OF EGG MASSES, AND
WEATHER CONDITIONS ON EGG PARASITISM OF THE EUROPEAN CORN
BORER BY TRICHOGRAMMA OSTRINIAE IN SWEET CORN
Abstract
Trichogramma ostriniae (Hym: Trichogrammatidae), an egg parasitoid of the
European corn borer, Ostrinia nubilalis (Lep: Pyralidae), were released into sweet corn
(Zea mays L.) fields to study the effects of weather, plant size and distribution of egg
masses on egg parasitism by the wasp. Sentinel European corn borer eggs were stapled
onto leaves located in the upper, middle and lower third of sweet corn plants 5 to 35
meters away from the wasp release point in either a radial or grid manner. Weather
conditions and plant architecture were monitored during the experiments. Logistic
regression was used to analyze the data. The results indicated that percentage of eggs
parasitized was negatively related to an increase in leaf area as well as an increase in the
distance that eggs were located from the point of release of wasps. Eggs distributed on
plants at different directions from the release point received different levels of parasitism.
Eggs that were stapled onto leaves in the upper third of a corn plant received much less
parasitism than that on the middle and lower third of the plant. Higher mean temperature
adversely affected the level of parasitism during hotter times of the season and conversely,
lower temperatures (< 17°C) reduced the egg parasitism during cooler times of the season.
The longer the exposure of eggs to wasps, the higher the level of egg parasitism.
However, the levels of egg parasitism for 2 day’s exposure was almost the same as that
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for 3 day’s exposure due to the limited longevity and egg-laying behavior of the wasp.
These results suggest that inundative releases of T. ostriniae should be made every two to
three days, with multiple release points per hectare. In addition, weather conditions and
plant architecture, especially, temperature, plant height and leaf area must be taken into
consideration to optimize levels of parasitism.
Introduction
Trichogramma ostriniae Pang et Chen (Hymenoptera: Trichogrammatidae), an egg

parasitoid of many species of lepidopterous insects, was discovered in China in 1974
(Pang and Chen, 1974) parasitizing eggs of the Asian corn borer, Ostrinia furnacalis
Guenee (Lepidoptera: Pyralidae). Since its discovery, various studies have been
conducted on the biology, behavior, mass production, and field application of this
parasitoid to control the Asian corn borer (Qian et al. 1984, Zhang et al. 1983, 1990, Gou
1986, Zhang 1988).
Natural parasitism of the Asian corn borer by T. ostriniae over the entire second
generation can reach 47% in some years, and even as high as 80% in August (Zhang et al.
1990). Both inoculative and inundative releases of the wasp achieved 70-90% parasitism
of the Asian corn borer eggs in some years (Shen et al. 1986, Cock 1985). Large scale,
inundative releases of T. ostriniae to control the Asian corn borer have been successful
(Qian et al. 1984, Wang et al. 1984, Shen and Li 1987, Zhang 1988). Because the Asian
corn borer is phylogenatically related to the European corn borer, O. nubilalis (Hubner),
and the two species have similar biologies, T. ostriniae may also be effective for
controlling the European corn borer. To this end, T. ostriniae was brought into the
United States in 1990 by Dr. Ferro (unpublished) for evaluation.
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Foraging behavior of T. ostriniae may be affected by weather and plant architecture.
The activity of Trichogramma spp. was greatly reduced when temperatures were below
17°C (Smith 1994, B. Wang unpublished). Laboratory studies have shown that the
longevity of T. Ostriniae adults was less than one day at temperatures >32°C (Wang
unpublished). The foraging behavior of T. ostriniae and levels of egg parasitism changed
with changing temperatures (Wang unpublished). However, only extreme relative
humidity has been shown to affect the biology of T. ostriniae (Zhang et al. 1983).
Relative humidities< 45% and >95% reduced the rate of emergence and longevity of T.
ostriniae wasps (Zhang et al. 1983), which is likely to result in reduced parasitism of eggs

in the field. Some Trichogramma species avoid walking on wet substrates and do not
actively forage for host eggs during periods of rain (Keller et al. 1985), but to what extend
rainfall and leaf wetness affects the behavior of T. ostriniae is unknown. Studies have also
shown that the seasonal increase of plant leaf area may affect rates of parasitism of the
European corn borer eggs by T. pretiosum Riley (Abies et al. 1980) and T. nubilale Ertle
and Davis (Need and Burbutis 1979, Burbutis and Koepke 1981, Andow and Prokrym
1991). Therefore, it is important to monitor weather conditions and plant architecture
(primarily plant height and leaf area) when evaluating the performance of Trichogramma
spp. in the field.
Several unpublished studies on T. ostriniae have been conducted in the United States.
Egg parasitism of the European corn borer can reach 85% from inundative releases of T.
ostriniae (B. Wang unpublished). The wasp can overwinter in the northern temperate

areas of China (Zhang et al. 1987). However, it is not known whether T. ostriniae can
overwinter at the same latitude in North America. It is quite likely that this species will
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become permanently established in release sites in the temperate areas of North America.
However, before T. ostriniae can be effectively used to control the European corn borer,
information is needed on its foraging behavior and the effect of field conditions on the
distribution and behavior of the wasp so that the rate and method of release can be
optimized.
The present study was designed to determine the vertical (within the plant) and
horizontal (within the field) distribution of parasitism of European corn borer eggs by T.
ostriniae using sentinel egg masses. The study also aimed at determining the effect of

weather and plant size on the distribution of the egg parasitism. These results should aid
in estimating the number of wasps needed to achieve a required level of parasitism under
field conditions, and improve wasp-releasing techniques.
Materials and Methods
Pupae of the European corn borer were shipped from the USDA/ARS, Corn Insect
Research Laboratory, Ames, Iowa, USA. On arrival, the pupae were placed into a cage
(60 x 40 x 40 cm) where adult moths began to emerge within three days. The bottom of
the cage was made of wood, while the sides were composed of metal screen. Wax paper
was placed on the ceiling of the cage as a substrate for oviposition. One-day old eggs are
preferred stage for oviposition by T. ostriniae and were used for rearing wasps and as
sentinel egg masses in the field studies. Egg masses were separated by cutting the paper
into pieces, each containing one egg mass.
T. ostriniae was first colonized under laboratory conditions at the Biological Control

Laboratory, USD A, Mission, Texas, USA. Parasitized European corn borer eggs were
shipped from the USDA/APHIS/PPQ laboratory to establish the University of
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Massachusetts (UMASS) colony. The UMASS colony was maintained in the laboratory
on the European corn borer eggs. Studies have shown that long term rearing of
Trichogramma spp. continuously on a factitious hosts in the laboratory caused a decrease

in quality of the wasps (van Bergeijk et al. 1989, Wang unpublished). To maintain genetic
diversity, the wasps were released into a corn field to parasitize sentinel European corn
borer eggs, and parasitized eggs were brought back either in later summer or early fall and
introduced into the colony. Wasps were also released in a greenhouse once after being
reared for 5-8 generations continuously in the laboratory to parasitize eggs placed on corn
plants.
The study was conducted in a field of sweet corn (60 x 60 m) in July and August of
1994, in South Deerfield, Massachusetts, USA. The field was surrounded by a potato field
and grass fields. Two experiments, each consisted of three releases, were conducted. For
each field release, an equivalent of 5,000 female wasps (estimated from egg mass
parasitism, egg parasitism, sex ratio and rate of wasp emergence) reared on the European
corn borer eggs were used. The differences between the two experiments were the
duration European corn borer eggs were exposed to wasps in the field and the way
sentinel European corn borer egg masses were distributed in the field.
In order to determine whether there was any significant impact of environmental
conditions on parasitism of the European corn borer eggs during the experiment,
temperature, rainfall, relative humidity and leaf wetness (i.e., the proportion of an hour the
leaf was wet) were monitored hourly in an adjacent field during the two experiments
(Table 4.1, page 66). Corn leaf area was measured approximately every three to five
days, using the same method as was used by Andow and Prokrym (1991). The leaf area
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data were then fitted to a second order function (Figure 4.1, page 67). The leaf area of
corn plants declined after August 6 mainly because some of the leaves became shrinking
after each ear matured. The leaf area for a single plant for any day during the experiment
could be estimated from the fitted equation. The height of the corn plant was recorded
and the number of leaves for each plant was counted to determine where to place egg
masses within the corn plant.

Table 4.1. Weather conditions during July (Experiment 1) and August (Experiment2)
of 1994 in South Deerfield, Massachusetts, USA (all variables have been described in
Materials and Methods)

Canopy
Temperature
TMIN TMAX TMEAN T17
T30
Date
0
8
21.3
33.4
26.8
Jul. 6
21.7
26.4
0
8
34.2
Jul. 7
4
21.6
32.1
25.1
0
Jul. 8
24.8
0
0
22.1
29.8
Jul. 9
16.7
28.8
22.7
0
0
Jul. 14
18.4
0
0
17.1
19.2
Jul. 15
4
23.5
0
31.1
Jul. 16
17.2
0
0
28.5
23.3
Jul. 17
18.3
24.7
0
0
21.9
29.6
Jul. 25
0
3
20.4
30.7
24.3
Jul. 26
0
0
29.1
21.9
Jul. 27
17.3
0
0
29.4
23.9
20.4
Jul. 28
0
0
24.8
29.8
19.9
Aug. 4
0
5
20.2
13.2
24.2
Aug. 5
0
12
16
23.9
9.6
Aug. 6
0
12
27.1
17.2
9.3
Aug. 7
0
0
21.3
26.9
Aug. 12 15.1
0
0
27.8
22.9
Aug. 13 20.8
0
21.7
1
25.2
Aug. 14 14.9
0
12
15.2
20.5
Aug. 15 10.1
0
17
12
24.4
Aug. 23 10.9
0
13
16.6
25.6
Aug. 24 10.2
0
9
19
26.6
Aug. 25 11.8
0
0
21.7
28.9
Aug. 26 16.7

R.H.

Daily Temperature

RH95
0
0
0
0
2
2
8
7
8
9
16
8
10
4
6
12
7
13
9
12
7
14
10
10
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Rainfall
RAIN0
24
21
24
23
24
21
24
19
23
24
21
24
24
22
24
24
24
19
22
24
24
24
24
24

RAIN5
0
3
0
1
0
3
0
5
1
0
3
0
0
2
0
0
0
4
2
0
0
0
0
0

P. H. Leaf Wet
LW0
15
9
10
11
13
12
14
12
9
10
6
16
12
2
9
8
10
7
2
9
9
9
11
10

LW0H LWH1
1
8
1
14
1
13
2
11
10
1
2
10
7
3
11
1
12
3
14
0
16
2
7
1
12
0
21
1
13
2
14
2
12
2
14
3
19
3
15
0
13
2
14
1
12
1
13
1

Time (expressed in days after first release of wasps, 0 = 6 July)

Figure 4. 1. Corn plant leaf area (100 cm2) during experiment 1 (Jul. 6 - Jul. 28) and
experiment 2 (Aug. 4 - Aug. 26).

Experiment 1
On the day that wasps were released, corn plants were chosen along transects
radiating in 12 directions (30° apart from each other), and each egg mass was placed onto
plants 5 m, 10 m, 15 m, and 30 m away from the wasp release point. One egg mass was
stapled onto the underside of corn leaves in the upper, middle and lower third of each
plant by noon. Twenty randomly sampled corn plants were examined for natural
infestation of European corn borer eggs every three days. However, only four natural egg
masses of the borer were found during the experiments.
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For each of the releases, wasps were released in the center of the field on the same
day immediately after the completion of distributing the sentinel egg masses. Parasitized
European corn borer eggs were placed in four paper cups (9 cm in height and 9 cm in
diameter), each containing about 1,250 females; the lid of the cup was screened with
plastic hardware cloth to prevent the parasitized eggs from attack by predators. Each cup
was then placed in a wooden shelter open on one side. The shelter was 1 meter above the
ground. The majority of the adult wasps emerged within 12 h.
To determine the accumulated levels of parasitism for one, two or three days after the
release, sentinel egg masses were collected from plants that were in the direction of 0°,
90°, 180° and 270° for one day, 30°, 120°, 210° and 300° for two days, and 60°, 150°,
240° and 330° for three days. In all cases, new egg masses were stapled to leaves as the
eggs were collected to maintain the same egg density for the duration of the experiment.
All sentinel egg masses of the European corn borer were collected from the field four days
after release to prevent localized infestations. Individual egg masses were kept separately
in small ventilated glass vials and were immediately placed into a cooler for transporting to
the laboratory. The vials were then placed in a rearing chamber maintained at 27±1°C, 7080% r.h., L16:D8. The number of eggs parasitized and the number of male and female
wasps emerged from each parasitized mass was recorded. An egg mass was considered to
be parasitized even if only one egg in an egg mass was parasitized. Egg masses that either
were preyed upon or missing or simply not recovered were recorded as missing masses.
Experiment 2
The field was divided into 144 cells of equal size. Sentinel European corn borer egg
masses were placed onto the plant at the intersection of each grid that formed the cells.
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By using the grid method, European corn borer egg masses were evenly distributed
throughout the field. The rest of the experimental design was the same as in experiment 1,
except that all of the egg masses were retrieved from the field three days after releasing
wasps.
Data Analysis
Since the experimental designs for experiment 1 and 2 were similar, data processing
and analyses were basically the same for both experiments. Logistic regression (Hosmer
and Lemeshow, 1989) was used to analyze the data. This statistical model was used since
the dependent variable was the number of eggs parasitized out of a total number of eggs in
an egg mass, a proportion ranging from zero to one. In addition, the results of a logistic
regression analyses can be expressed as odds ratios for the different variables analyzed.
The odds ratio (OR) is defined as the ratio of the odds in favor of success for two
populations (Rosner, 1986). For example, if the probability of a success is pi for
population 1 and p2 for population 2, then the odds in favor of success is %\ = pi/(l-pi)
for population 1 and k2 = P2/O-P2) for population 2. The odds ratio then is
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/k2. For a

logistic regression containing multiple variables, if the coefficient for a variable is (3, then
the odds ratio for the variable equals ep adjusting for other variables. The odds ratio
provides a simple, direct and yet meaningful quantification of the effect of independent
variables on the dependent variable.
The software used for the logistic regression of the data was ST AT A (Ver. 4.0, Stata
Corperation, 1995). For both experiments, the dependent variable PPE, which was the
number of eggs parasitized out of the total number of eggs (EGGS) in a specific position
(PARAE), was used in the analysis. As independent variables, the following parameters
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were used: (1) the distance (meters) of eggs were located from the point of release of
wasps (DIST); (2) the leaf area (100 cm2) per corn plant in the field (LEAFA); (3) the
location of the sentinel egg mass within a plant (HT), which was coded as 1, 2, 3, for
on leaves in the upper, middle and lower third of the plant, respectively (two dummy
variables were used for HT since HT is categorical); (4) temperature related variables,
which were daily maximum (TMAX), minimum (TMIN), average temperature (TMEAN),
and daily hours of temperature being < 17°C (T17) and > 30°C (T30); (5) rainfall related
variables, which were daily hours of rainfall = 0 (RAINO) and daily hours of rainfall > 5
mm (RAIN5); (6) leaf wetness related variables, which were daily hours of leaf wetness =
0 (LWO), 0< and < 0.5 (LWOH), and = 1 (LW1); (7) RH95, which was daily hours of
relative humidity > 95%.; (8) the direction in which eggs were placed in relation to the
wasp release point, which was recorded in a variable dividing the field into four quadrants
(three design variables, QTR1, QTR2, and QTR3, were used to code QTR); (9) each of
the three releases was a replicate (REP).
There were some differences for the two experiments. In experiment 1, eggs were
exposed to wasps for one, two, and three days and were recorded as DAYEXP, which
was also evaluated for its contribution to levels of egg parasitism. Because DAYEXP had
three levels (1 day, 2 days and 3 days), two dummy variables (DAY2 and DAY3) were
used.

However, T17 was not evaluated for experiment 1, since the temperatures always

exceeded 17°C in this experiment.
The logistic regression model we used was obtained by the following procedure.
First, individual independent variables were evaluated separately by running ST AT A’s
BLOGIT command using a model containing PPE (PARAE out of EGGS) as the
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dependent variable. Then all independent variables with a Wald’s p-value for their
regression coefficients less than 0.25 were selected to enter into a logistic regression
model. Variables with p-values for their coefficients higher than 0.05 were eliminated
from the model, while those with p-values 0.05 - 0.10 were further evaluated using the
“Likelihood Ratio” test (Hosmer and Lemeshow, 1989). The final main-effect-only model
only contained variables with Wald’s p-values for their coefficients not significantly higher
than 0.05. All possible interaction terms among the main effects were also tested, and
none were found significant. The results of the two experiments were compared to see
whether there was any difference in the level of egg parasitism since both the grid and
radial methods have been used by different researchers for studies on insect dispersal.
Results
Experiment 1
The results of the logistic regression analysis are shown in Table 4.2 (page 72), which
contains the logistic regression coefficient, the odds ratio and 95% confidence interval of
the odds ratio for the different variables.
All coefficients for the independent variables, except that for DAY2 and DAY3, were
negative, indicating that proportion of parasitized eggs decreased as distance, leaf area and
daily mean temperature increased during the experiment. The variable HT was
dichotomized because we found no difference between the level of parasitism for eggs on
the bottom third and the middle of the plant. The negative sign for the coefficient of
dichotomized height, HTD, means that T. ostriniae preferred to parasitize eggs on the
middle and lower third of a corn plant than those on the upper. Eggs in quadrants 2, 3, 4
were less parasitized than those in the first quadrant since the resultant coefficients for
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Table 4.2. Results of the logistic regression analysis. The effects of the variables (see
Materials and Methods for a description) on egg parasitism with significant regression
coefficients are presented (p-values < 0.01, Wald’s test). The eggs of O. nubilalis
were distributed cardinally around a point of releasing T. ostriniae (Experiment 1)

DIST
LEAFA
HTD
QTR2
QTR3
QTR4
TMEAN
DAY2
DAY3
Constant

Logistic Regression
Coefficient
-0.0796
-0.0795
-1.1606
-0.1768
-0.2114
-0.1958
-0.2470
0.7260
0.8221
7.2878

Odds ratio
0.92
0.92
0.31
0.84
0.81
0.82
0.78
2.07
2.28

95% Confidence Intervals of
Odds Ratio
0.92-0.93
0.92-0.93
0.28-0.35
0.74-0.96
0.70-0.93
0.72-0.94
0.76-0.81
1.82-2.35
2.00-2.58

QTR2, QTR3 and QTR4 were all negative. The length of exposure of eggs to wasps also
affected the levels of egg parasitism. The positive sign for the coefficients of DAY2 and
DAYS indicates that both parasitism for eggs exposed to wasps for two days and three
days were higher than one day exposure.
The relative effects of these independent variables on the proportion of eggs
parasitized out of the total number of eggs are best described by the odds ratios. From
Table 4.2, the odds ratio for DIST was 0.92 (0.92-0.93). This means that the odds for
egg parasitism at a particular distance will be 92-93% of that 1 m closer to the wasp
release point, or a 7-8% drop in the odds of egg parasitism per 1 m increase from the
point of release. Leaf area was another important factor that contributed to the decrease
of egg parasitism. With each increase of 100 cm2 of leaf area per corn plant, there was a
7-9% decrease in the odds of egg parasitism. Another important element is the effect of
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egg position within the plant (HTD) on the levels of parasitism. The odds of parasitism of
eggs located on the upper third of a corn plant was only 31% (28-35%) of that of eggs
located on the middle and lower parts of a corn plant, which coincided with the results of
Burbutis et al. (1977) in their study using T. nubilale. The odds of egg parasitism in
quadrant 2, quadrant 3, quadrant 4 was 84% (74-96%), 81% (70-93%), and 82% (7294%) of quadrant 1. Temperature affected the foraging behavior of wasps, therefore, egg
parasitism. The odds ratio for TMEAN was 0.78 (0.76-0.81). This means that with each
1°C increase of daily mean temperature above 22°C (the daily mean canopy temperature
during experiment 2), the odds of egg parasitism will drop 19-24%. This can be partially
explained by the fact that the population of T. ostriniae used in this study was obtained
from northeastern China (Jilin Province), a temperate zone, where daily mean
temperatures above 22°C are rare. Eggs exposed two days was 2.07 (1.82-2.35) times
more likely to be parasitized than eggs exposed to wasps for one day. Eggs exposed three
days were 2.28 (2.00-2.58) times more likely to be parasitized than eggs exposed to wasps
for one day. There was no significant difference between the level of egg parasitism for
eggs exposed to wasps for two or three days.
Experiment 2
Though sentinel European corn borer eggs were distributed in a grid pattern in this
experiment rather than as transects radiating from the point of release as in experiment 1,
the results of the corresponding variables of experiment 2 are almost identical to that of
experiment 1. The variables identified to be important for egg parasitism are the same as
for experiment 1, except for temperature (Table 4.3, page 74). For this experiment, T17
(temperature <17°C) was negatively related to egg parasitism, while in experiment 1 the
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Table 4.3. Results of the logistic regression analysis. The effects of the variables (see
Materials and Methods for a description) on egg parasitism with significant regression
coefficients are presented (all p-values < 0.01 except for QTR3, which has p= 0.06,
Wald’s test). The eggs of Ostrinia nubilalis were distributed on plants chosen in a
‘grid’ manner around a point of releasing T. ostriniae (Experiment 2)

Variables
DIST
LEAFA
HTD
QTR2
QTR3
QTR4
T17
Constant

Logistic Regression
Coefficient
-0.0717
-0.0837
-2.3774
-0.5055
-0.1852
0.3231
-0.1941
3.7718

Odds Ratio
0.93
0.92
0.09
0.60
0.83
1.38
0.82

95% Confidence Intervals
of Odds Ratio
0.92 - 0.94
0.91 -0.93
0.06-0.14
0.50-0.73
0.68- 1.01
1.16-1.65
0.79-0.86

mean temperature was negatively correlated to egg parasitism. The difference in result
may be due to experiment 1 being conducted during the hottest month of the year. The
results of our previous laboratory experiments indicates that T. ostriniae parasitizes more
European corn borer eggs at temperatures between 20°C and 28°C than at temperature
below 17°C and above 30°C. The results also indicates that temperatures between 2225°C may be the optimal temperature for foraging behavior of T. ostriniae (Wang
unpublished). The daily mean canopy temperature for experiment 1 was 23.6 and daily
hours of temperature >30°C and <17°C were 2.3 and 0, respectively (daily hours of
temperature >25°C was 8.3). Therefore, high temperatures hindered the optimal foraging
behavior of wasps. Experiment 2 was conducted in August, when temperatures were
gradually decreasing during the course of the day. The daily mean canopy temperature for
experiment 2 was 21.7 and daily hours of temperature >30°C and <17°C were 0 and 6.3,
respectively (daily hours of temperature >25°C was 4), thus low temperatures restricted
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the activities of wasps. The odds ratios for DIST and LEAFA were 0.92 and 0.9, which
were the same as that of experiment 1. The odds ratio of HTD, however, differed from
that in experiment 1. The value was 0.09 (0.06-0.14), which means that the odds of
parasitism for eggs on upper third of the plant was only 6-14% of that of the middle and
lower third of the plant compared to 28-35% in the first experiment. During experiment
2, the plants were fully grown (the average height of a corn plant was 159.3 for
experiment 2 versus 124.2 during experiment 1), and the wasps had more surface area (the
average leaf area of a corn plant was 3977.9 for experiment 2 versus 2778.9 cm2 during
experiment 1) to cover than during experiment. This may have reduced the amount of
time the wasps spent foraging in the upper third of the plant. In experiment 2, the odds of
egg parasitism in quadrant 2 (odds ratio = 0.60) and quadrant 3 (odds ratio = 0.83) was
lower than egg parasitism in quadrant 1. However, eggs in quadrant 4 were more likely to
be parasitized (odds ratio = 1.38) than eggs in quadrant 1.
Results from the logistic regression (results not presented) of the data based on both
experiment 1 and 2 indicated that the sex ratio of T. ostriniae that emerged from
parasitized European corn borer egg masses was not dependent on the leaf area, weather
conditions or positions of eggs within the plant, nor was it dependent on the distribution
of the eggs in relation to the release point and the distance of eggs from release points.
The average sex ratio of emerged T. ostriniae was 0.73 (73% females, July 6-9), 0.78
(July 14-17), and 0.72 (July 25-28) for the three releases of experiment 1, and 0.74
(August 4-7), 0.72 (August 12-15) and 0.78 (August 25-28) for the three releases of
experiment 2, respectively. Thus, there was no apparent difference for sex ratios between
the two experiments, or between dates within the same experiment.
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Discussion
Andow and Prokrym (1991), Burbutis and Koepke (1981), Abies et al. (1980), Need
and Burbutis (1979), and Maini et al. (1991) demonstrated that seasonal increase in leaf
areas of corn plant was a major factor contributing to the decrease in parasitism of the
European corn borer eggs by T. nubilale and T. maidis Pint, et Voeg. in the field. Results
from the present study using T. ostriniae also showed a decline in egg parasitism as the
leaf area of corn plants increased. These data indicate that the wasps spent more time
foraging on the foliage as leaf area increased, increasing travel time between egg masses.
In a study on the landing behavior of T. brassicae Bezd., Suverkropp (1994) found
that the number of T. brassicae landing per unit area of upper corn leaves was greater than
those of lower leaves, thus higher egg parasitism would have been expected in the upper
zone since wasps should have had a higher probability to come across eggs within the
upper zone. However, Burbutis et al. (1977) found that T. nubilale was more successful
in finding hosts located in the middle or lower portions of corn plants than in the upper.
They concluded that T. nubilale had developed a host-searching behavior well adapted to
find its host, since the majority of the European corn borer eggs are laid within the ear
zone (Sorenson et al. 1993, Windels and Chiang 1975). We found higher levels of
parasitism of European corn borer eggs on leaves located on the lower and middle part of
a corn plant, which, however, does not necessarily imply that T. ostriniae has developed
such a host-searching behavior as its original host O. furnacalis lays most of its eggs on
leaves intermediate in age rather than in a particular height of the plant (Nafus and
Schreiner 1991).
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During the hottest days, high temperatures negatively affected the ovipositional
behavior of T. ostriniae. Conversely, egg parasitism decreased as daily hours of
temperatures less than 17°C increased in August, when temperature was lower. The
decrease in egg parasitism may not only have been that temperatures influenced the rate of
searching by female Trichogramma (Biever, 1972), but also limited its other behavioral
activities, such as walking speed of searching wasps (Qian et al. 1984, Schimdt and Pak
1991). In addition, the longevity of female wasps sharply decreased from six days at 20°C
to two days at 27°C, and to 0.5 days at 35°C (Gou 1986), consequently, the actual
number of wasps that survived in the field during the experiment might have varied from
one release to another because of temperature differences, and from one day to another
even though the release rate per unit area of the field was the same.
The level of parasitism was negatively correlated with the distance that the sentinel
eggs located from the release point. There are several possible explanations. First, it took
more time for wasps to find eggs the farther away from release point. For instance, Qian
et al. (1984) reported that 100%

P labeled wasps were within 20 m from release point

two days after release. Secondly, once wasps encountered eggs they spent more time
handling their hosts before continuing to forage. Thirdly, a proportion of the released
wasps might have disappeared, as has been proposed by Andow and Prokrym (1991) for
T. nubilcile. The decrease of parasitism with the increase in distances in our experiments

implies that for inundative releases, the distance between the release points must be taken
into consideration to optimize parasitism. Wind affects the distribution and behavior of T.
ostriniae (Qian et al. 1984). This might be the main reason that in both the experiments,

there were directional differences of egg parasitism for egg masses distributed in different
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directions. Unfortunately, it is hard to determine if wind was the primary factor that
affected egg parasitism with respect to the different directions because during the course
of a day, wind direction and strength changes.
The longer eggs were exposed to wasps, the higher the egg parasitism. However,
since the average longevity of I ostriniae is only 2-3 days at 27°C, the difference in egg
parasitism after three days should not differ significantly from two days. The results from
experiment 1 supported this logic. The practical implication of these findings is that
releases should be made over short intervals for inundative releases of T. ostriniae, or a
mixture different pupae with different times of emergence should be used. The relative
constant high sex ratio for T. ostriniae from our field studies was consistent with that of
our laboratory studies.
Both the ‘radial’ and ‘grid’ method have been used by different researchers in studies
on dispersal patterns of insects (Allen and Gonzalez 1974, Wetzler and Risch 1984,
Lampo and Medialdea 1994). With evenly distributed resources (either host plants for
phytophagus insects or host insects for carnivores), the grid design has been generally
considered to be more suitable for dispersal studies than the radial approach, where host
density decreases as the distance from release point increases. However, it appears from
our experiments that there was no advantage in using one design over the other for
quantifying factors affecting the level of parasitism when comparing odds ratios for the
related variables. Using the logistic regression for quantifying the effects of the different
factors on the level of parasitism provides a powerful tool for analyzing complex field data
for entomological and ecological studies. Our results should be useful for identifying
geographical areas based on temperature limitations and for estimating the number of T.
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ostriniae wasps and release points needed to achieve a desired level of parasitism under

field conditions.
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CHAPTER 5
HYBRIDIZATION INCOMPATIBILITY, INTER- AND INTRASPECIFIC
DISCRIMINATION AND COMPETITION BETWEEN TR1CHOGRAMMA
OSTRINIAE AND T. NUBILALE

Abstract
Laboratory tests were conducted on the cross breeding, discrimination and
competition between Trichogrammci ostriniae and T. mibilale. The test on the cross
breeding between T. ostriniae and T. nubilale indicated no successful hybridization
between the two species. For the discrimination and competition test, an European corn
borer egg mass containing 1, 2 and 5 eggs was provided sequentially to two female wasps,
either both from the same species or one from each of the two species. The time it took
for each female wasp to contact, examine and to oviposit host eggs as well as the
acceptance / examination ratio for both unparasitized eggs and parasitized eggs were
compared. The results indicate that T. nubilale did not discriminate eggs parasitized by
another female of the same species against unparasitized eggs, nor did it discriminate eggs
parasitized by a female T. ostriniae. Female T. ostriniae also did not discriminate eggs
parasitized by a female T. nubilale. However, she discriminated eggs parasitized by
another female of the same species. When individual eggs oviposit by both species, only
15.9% eggs produced live wasps of both species if the eggs were first exposed to T.
nubilale, while 85.9% eggs produced both species if the eggs were first exposed to T.
ostriniae.

In both cases, 11-15% eggs did not produce any wasps. When only one

species completed development from eggs oviposited by both species, the progeny was
most likely to be T. ostriniae if eggs exposed to T. ostriniae first, while T. nubilale and T.
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ostriniae had the same chance to complete development if eggs were exposed to T.
nubilale first. These results suggest that to achieve better control, T. ostrinicie and T.
nubilale should not be released simultaneously in the same field for controlling the
European corn borer.
Introduction
Multiparasitism, superparasitism, and competition between individual parasitoids or
predators often limit the efficiency of parasitoids for controlling target pests.
Displacement may happen when taxonomically related species of biological control agents
are released sequentially to control the same target. One example is the exclusion of one
Aphytis species by another Aphytis species of red scale in Citrus in California (Luck and
Podoler 1985). Another is the competitive displacement of the preceding species by the
new introduced one, of the three Opius species for controlling the fruit fly in Hawaii (Bess
et al. 1961). Trichogramma ostriniae (Hymenoptera: Trichogrammatidae) has been used
in a large scale to control the Asian corn borer, Ostrinia furnacalis Guenee (Lepidoptera:
Pyralidae) while a native species T. nubilale has been used to control the European corn
borer in the US (Li 1994, Prokrym and Andow 1992). Although no previous studies have
been conducted on inundating the two species in the same place, it is possible that the two
species will encounter in the same area with the introduction of species from one place to
another. Therefore, discriminating eggs parasitized by another wasp of different species
(inter-specific) as well as the same species (intra-pecific) become very important for
females to avoid multiparasitism and superparasitism and competition for limited
resources. Studies have shown that T. evanescens (Salt 1937) have the ability to
discriminate between parasitized and unparasitized host eggs and therefore to avoid
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superparasitism. Learning through experience may (Klomp et al. 1980) or may not
(Alphen et al. 1987, Dijken and Wagge 1987) be necessary for the acquisition of this
ability. Guo (1987) found that females of T. japonicum Ashmead, T. dendrolimi
Matsumura and T. confusum Viggiani (= T. chilonis Nagarkatti and Nagaraja) can
discriminate eggs parasitized by themselves. T. japonicum did not discriminate eggs
parasitized by another female of the same species, while both T. confusum and T.
dendrolimi did. In addition, when T. japonicum and one or two of the other species
oviposited the same egg, more T. japonicum emerged than any of the other two species.
It is possible that two or more competing species coexist in sympatry as have been
reported by Carton et al. (1986, 1991) and Force (1970). However, whether T. ostriniae
and T. nubilale can avoid superparasitism and multiparasitism are still unknown. We
report in this paper the results of our study on this issue. The study consisted of three
objectives. The first was to decide whether T. ostriniae and T. nubilale interbreed and
yield viable offspring of both sexes in laboratory conditions. The second was to determine
if a wasp of one species discriminates eggs parasitized by another wasp of the same
species and of another species, and the last was to examine the results of the possible
competition between the two species when both species oviposited the same egg.
Materials and Methods
European corn borer (ECB) eggs - Pupae of ECB were shipped from the Corn Insect
Research Lab, Iowa State University, Ames, Iowa, USA. On arrival, the pupae were
placed into a cage (60 x40 x 40cm) where adult moths typically emerge within three days.
The bottom of the cage was made of wood, the sides composed of metal screen. Wax
paper was placed on top of the cage as the substrate for oviposition. Screens of different
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size mesh were used on top of the cage to obtain egg masses of varying sizes. The eggs
used were between 12-24 hours old.
Wasps (Trichogramma ostriniae and T. nubilcile) - T. ostriniae was first colonized
under laboratory conditions at the Biological Control Laboratory, USD A, Mission, Texas,
USA. Parasitized European corn borer eggs were shipped from the USDA/APHIS/PPQ
laboratory to establish the University of Massachusetts (UMASS) colony. T. rmbilale was
collected in 1994 in Delaware, USA, by Dr. Charles Mason of the University of Delaware.
The two colonies were maintained on eggs of O. nubilalis in the laboratory under 27°C
and 16L: 8D. They were released in a greenhouse to parasitize ECB eggs on corn plants
at least 20 meters away once every 8-10 generations to prevent a possible decline of
quality (e.g., locomotory activities and temperature tolerance) of the colonies. At least
200 wasps, with sex ratios between 0.5-0.75, for each generation of the two colonies were
maintained to prevent founder effect.
Experimental Settings
Hybridization Test. The test was to determine whether there were hybrid offspring
produced from any pair of the two species, and to determine the color of the hybrid
offspring, if any, for subsequent tests. If no successful cross breeding occurs between the
two colonies, or the offspring have a uniform color then we can use just color to
distinguish the two species and their hybrid progeny under a given temperature condition.
In order to make sure that both parents were virgin, only single wasps emerged from
individually laid ECB eggs were used as the parent generation. Wasps that emerged from
eggs containing a second individual that had not yet eclosed were also not used. One egg
mass containing approximately 20 eggs was placed into a glass tube. A male of one
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species was paired with a female of another, and introduced into the glass tube and sealed
with parafilm. Through previous study we found that condensation of moisture often
resulted in the fungal infection of ECB eggs, especially, for the parasitized eggs.
Therefore, we punched holes on the covering parafilm using a number 3 insect pin. The
tubes with ECB eggs and a male as well as a female wasp were placed in two
environmental chambers (27°C, and 16L: 8D) to allow mating between the two wasps,
and to allow the female to parasitize the ECB eggs. The number of male and female
wasps emerged from the parasitized eggs and their colors were recorded. The two
Trichogramma species are arrhenotokous. Therefore, if female offspring were present,
the mother must have mated, and individual offspring with intermediate color may exist.
T. ostriniae under 27°C is light yellow to brownish while T. nubilale is dark brown.
Though unfortunately, this trait is changeable with temperature (for example, the color of
T. ostriniae becomes a little bit darker under 20°C than under 27°C), the two species still
have distinctive colors. We had 50 replicates for each pair.
Host Acceptance. We selected ECB egg masses for their ease of numbering and
counting, one ECB egg mass, less than one day old and containing 1, 2, and 5 eggs, was
placed in a small arena, which consists of a recessed slide with a slide cover. Individual
eggs were mapped for their location in the egg mass.
Two mated females, either both from the same species or one from each of the two
species, were introduced into the arena one at a time. The order of species introduced
into the arena was randomly determined each time. Therefore, we had four pairs of
wasps: 1) T. ostriniae followed by T. ostriniae, 2) T. nubilale followed by T. nubilale, 3)
T. ostriniae followed by T. nubilale, and 4) T. nubilale followed by T. ostriniae. All
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wasps were approximately one day old, fed with honey solution. We only selected those
female wasps that had been observed to have oviposit another ECB egg but only allowed
to oviposit once. This selection was to make sure that only those wasps that were ready
to oviposit ECB eggs were used in the experiment. The major behavioral sequence of
female Trichogrammci from the initiation of drumming host eggs to completion of
oviposition includes drumming, drilling and ovipisiting, and completion (Glas et al. 1981,
Suzuki et al. 1984, van Dijken et al. 1986, Wang et al. 1996). ECB eggs were exposed to
the first wasp until the female made one oviposition into a host egg, it usually happened
within 10 minutes. We then removed the first female and repeated the same procedure
with the second female. We again had 50 replicates for each pair. The test was carried
out under temperature 23±2°C. We observed the behavior of females under the dissecting
microscope illuminated with a fiber-optic illuminator, and recorded which egg the first and
second female wasp examined and inserted. The examination of host egg was defined by
the procedure in which a female wasp spent not less than 5 seconds in drumming a host
egg with her antennae. The acceptance of a host egg was defined by the procedure in
which the female inserted ovipositor into host eggs, jerking her abdomen, and followed by
either a interrupted movement or a continuos movement (Suzuki et al. 1980). The
interrupted movement consists of first abdomen wagging, relaxing, second wagging and
trembling, while the continuous one includes a prolonged wagging and trembling.
According to Suzuki et al. (1980) for T. chilonis (= T. confusion) the interrupted
movement is often associated with the oviposition of a female egg, while the continuous
movement with the oviposition of a male egg.
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Time Spent in Host Egg Finding. Examining and Inserting The procedure was
basically the same with the host acceptance test. However, the duration it took for the
first and second introduced wasps to find, exam and oviposit host eggs were recorded.
The duration of host finding here was defined by the period from the introduction of a
wasp into the arena to the first contact of the wasp’s antennae with an ECB egg.

The

duration of host examination was defined by the time span in which a wasp used her
antennae to drum (examine) a substrate (an ECB egg here) until she stopped drumming,
either drilling the ECB egg or walking to another substrate. The duration of host
oviposition is defined by the interval from the drilling to the withdrawal of the wasp’s
ovipositor. The hypothesis was that if the second female did not detect the presence of
the first introduced wasp, and did not discriminate eggs examined and parasitized by the
first wasp she would spent approximately the same amount of time in each behavior
component as the first one did.
Inter-Specific Competition.

The procedure for this test was basically the same with

the host acceptance test. From this test, however, we wanted to know the species
emerged from single eggs that had been parasitized by female wasps from both species.
Therefore, individual eggs oviposited by both species were kept separated in small glass
tubes covered with parafilm. These tubes were then incubated in a rearing chamber
(27±1°C, 16L: 8D). Eggs were checked for parasitism after 5 days. The number of male
and female wasps of each species emerged from parasitized eggs were recorded after they
emerged from the parasitized egg. We used mainly the color of the wasps to distinguish
the two species, but other characteristics such as male genitalia and female ovipositor
were also used in case of doubt.
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Statistical Analyses
For the comparison of host acceptance to parasitized and unparasitized eggs, ChiSquare test with Yates Correction was used. The hypothetical acceptance ratios for an
individual egg are 0.5 (1/2), and 0.2 (1/5) for an egg mass containing 2, and 5 eggs,
respectively. This is because only eggs that have been oviposited by the first introduced
wasps were counted in the test, and because all wasps had been observed to oviposit eggs
only once. Therefore, all eggs should be acceptable, and all wasps should accept suitable
eggs.
We used the Chi-square test of independence to test whether one or both species
completed development when both species oviposited the same host egg. The null
hypothesis for this test is whether one or two species was able to complete development
from the egg oviposited by both species does not depend on which wasp was introduced
first. We then used Chi-square test of goodness of fit for the competition between T.
ostriniae and T. nubilale.

The null hypothesis is when eggs parasitized by both species,

each species have an equal chance to complete development, i.e. both have a 50% chance.
We used paired t-test for the comparison of individual behavior components of the
paired wasps. The behavior components for individuals among the four pairs were
compared by first running one way Anova, and then performing multiple comparison. In
all cases, the p = 0.05 was used as the criterion for significant differences.
Results
Hybridization Test
No female wasps were produced when each of the parents came from different
species, and the offspring were always the same species with the female parent (Table
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5.1). In contrast, when both parents came from the same species, both male and female
offspring were produced. Therefore, it is likely that there was no successful hybridization

Table 5.1.

The results of hybridization tests between Trichogramma ostriniae (7b) and
T. nubilale (7b)

Parent(M1xF)
Replica
ParaEgg
F17bM
F17bF
F17bM
F17bF
7bSex
7bSex
Wasps/PE

0 x Tn
20
343
0
0
337
0
0

To x Tn

Tn x To

Tn xTn

To x To

25
304
0
0
372
0
0

20
313
482
0
0
0

20
160
0
0
70
130
0.65

20
313
218
227
0
0

0 x To
20
322
476
0
0
0

-

-

-

-

0.98

1.22

0.51
1.42

0
1.48

-

0
1.54

-

1.25

1 Note for abbreviations in Table 5.1. M, male; F: female; ParaEgg, the number of eggs
parasitized; F17bM, the number of male T. ostriniae offspring; F17bF, the number of
female T. ostriniae offspring; FITbM, the number of male T. nubilale offspring;
F17bF, the number of female T. tmbilale offspring; 7bSex, sex ratio of emerged T.
nubilale, 7bSex, sex ratio of emerged T. ostriniae, Wasps/PE, average number of
wasps emerged from each parasitized egg.

between T. ostriniae and 7! nubilale. In addition, both unmated females of 7. ostriniae
and T. nubilale were able to produce offspring, but only the males, which proved that both
species are indeed arrhenotokous.
The average number of T. ostriniae emerged from individual parasitized ECB egg
was a little bit higher than that of T. nubilale (Figure 5.1, page 91) possibly because T.
ostriniae is smaller than T. nubilale in body size. Therefore, a single ECB egg can

support more wasps of T. ostriniae than T. nubilale.
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TnlTn2

TolTo2

TnlTo2

TolTn2

Wasp pairs

Figure 5.1. Number of wasps produced by individual European corn borer eggs
parasitized by T. ostriniae or T. nubilale

Host Acceptance
Host acceptance to parasitized and unparasitized eggs by T. nubilale did not differ
significantly (Table 5.2, page 92), whether a female T. nubilale was introduced after a
female T. ostriniae or after another female of the same species. P-values were higher
than 0.05 for all sizes of egg masses that were provided to female wasps. Therefore, it is
most likely that a female T. nubilale did not discriminate eggs parasitized by another
female of the same species, nor did she discriminate eggs parasitized by a female T.
ostriniae.
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T. ostriniae did not show significant differences in accepting host eggs of

unparasitized eggs versus that of parasitized by T. nubilale (Table 5.3, page 93).
Therefore, she did not discriminate eggs parasitized by T. nubilale. However, female T.
ostriniae discriminated ECB eggs parasitized by another wasp of the same species. In

Table 5.2. Acceptance of parasitized and non-parasitized host eggs by T. ostriniae
(To) and T. nubilale (Tn) when single egg was provided

Wasp pair1

# Parasitized eggs

# Unparasitized eggs

Tnl(To2)
Tnl(To\)

49
47
48
46
48
45
47
39

1
3
2
4
2
5
3
11

To\(Tnl)
Tol(Tn\)
Tnl(Tn2)
Tn2(Tn\)
Tol(To2)

To2(Tol)

x2

P

0.260

0.610

0.177

0.674

0.614

0.433

4.07

0.044

1 Tnl(To2) indicates the egg(s) was (were) first exposed to T. nubilale and then exposed
to T. ostriniae. The values in the same rows are for Tn. To2(Tnl) indicates the
egg(s) was (were) first exposed to T. nubilale and then exposed to T. ostriniae. The
values in the same rows are for To.

Addition, although she accepted eggs already parasitized by another female of the same
species, she spent significantly less time in examining the host egg (Figure 5.2, page 94).
Time Spent in Host Egg Finding. Examining and Inserting
Generally, the time it took for a wasp to find an ECB egg ranged between 10 seconds
to six minutes among individual wasps when there was no alternative hosts for female
wasps, i.e. when single egg was provided. The only significant difference among the four
possible combinations is the T. ostriniae and T. ostriniae combination (Figure 5.3, page
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94). In this case, the second introduced female T. ostriniae spent significantly more time
in finding the host eggs. Unlike the other combinations, in which the first and the second
introduced wasps spent basically the same amount of time in examining the host eggs for

Table 5.3. Acceptance of parasitized and non-parasitized host eggs by T. ostriniae
(To) and T. nubilale (7b) when two or five eggs in an egg mass were provided

Wasp pair1
Theoretical
Tnl (Tbl)
Theoretical
To! (Tnl)

Theoretical
Tnl(Tn\)

Theoretical
7b2(7bl)

2 eggs

Para2
25
22
25
23
25
18
25
13

Unpara3
25
28
25
27
25
32
25
37

5 eggs

X2

P

0.161

0.689

0.04

0.841

1.469

0.228

5.136

0.023

Para
10
12
10
8
10
7
10
2

Unpara
40
38
40
42
40
43
40
48

X2

P

0.058

0.809

0.068

0.795

0.283

0.594

4.64

0.031

1 7bl(7b2) indicates the egg(s) was (were) first exposed to T. nubilale and then exposed
toT. ostriniae. The values in the same rows are for Tn 7b2(7bl) indicates the
egg(s) was (were) first exposed to T. nubilale and then exposed to T. ostriniae. The
values in the same rows are for To.
Para: Number of eggs parasitized.
3 Unpara: Number of eggs that were parasitized.

each drumming period, the second introduced T. ostriniae also spent less time in
examining host eggs than the first introduced T. ostriniae.

The time of each wasps spent

in oviposition did not vary for individual species in each pair (Figure 5.4, page 95). We
also noticed that around 7% females occasionally feed on host eggs after oviposition.
Inter-Specific Competition
When individual ECB eggs oviposited by both species, much less eggs produced live
wasps of both species if the egg was exposed to T. nubilale first (15.9%) than if the egg
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□ lstw&sp

Wasp pairs

Figure 5.2. Duration of T. ostriniae
and T. nubilale spent in finding
European com borer eggs

Wasp pairs

Figure 5.3. Duration of T. ostriniae and
T. nubilale spent in examining
European com borer eggs

was exposed to T. ostriniae first (85.9%, Table 5.4 and 5.5, pages 95 and 96). Therefore,
whether an ECB egg was first exposed to T. ostriniae or T. nubilale affected the number of
species emerged from single parasitized egg significantly (x = 58.5, df = 1, p = 0.0000,
Table 5.5). In both cases, 11 -15% eggs did not produce any wasps. The egg exposure
order also affected which species emerged from individual eggs in case only one species
emerged from a single egg (x2 = 6.75, df= 1 ,p = 0.0094). The progeny was most likely to be
T. ostriniae when eggs were exposed to T. ostriniae first (Tables 5.6 and 5.7, page 96),

while T. nubilale had equal chance to complete development when eggs were exposed to T.
nubilale first (Table 5.8, page 97).
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□ lstwasp
□ 2ndwasp

Figure 5.4. Duration T. ostrinicie and T. nubilale spent in inserting European com
borer eggs

Table 5.4. Species emerged from single parasitized European com borer egg that
has been exposed to both T. ostriniae (To) and T. nubilale (Tn) sequentially

Progeny

T. nubilale first and T.
ostriniae second

T. ostriniae first and T.
nubilale second

Tn only
To only
Tn & To

21
28
11
9

1
11
67
9

Dead

95

Table 5.5. Species emerged from an egg oviposit by both T. ostriniae (7b) and T.
nubilale (7b) - test for independence, i.e., whether an egg exposed to To first or 7b
first affects the progeny emerged from the parasitized egg Of = 58 5 df= 1 p =
0.0000)

Progeny
To or 7b
To and Tn

Tn 1st1

To 1st

49
11

12
67

1 7b 1st: The egg was first oviposited by T. nubilale; 7blst: the wasp was first oviposited
by T. ostriniae.

Table 5.6. Species emerged from an egg oviposit by both T. ostriniae and T.
nubilale (jf = 6.75, test of homogeneity, df= 1 ,p = 0.0094)

Progeny
To only
Tn only
i

Tn 1st1

To 1st
11
1

28
21

7blst: The egg was first oviposited by T. nubilale; 7blst: the wasp was first oviposited
by T. ostriniae.

Table 5.7. Progeny species from ECB eggs parasitized by both T. ostriniae and T.
nubilale when only one species completed development and the egg was exposed to
T. ostriniae first (jf = 0.735 goodness of fit test, df=\,p = 0.391)

Theoretical
Observed

TnWin
12
2

ToWin
12
22

1 7b 1st: The egg was first oviposited by T. nubilale; To 1st: the wasp was first oviposited
by T. ostriniae.
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Table 5.8.

Species of offspring wasps emerged from ECB eggs parasitized by both T.
ostriniae and T. nubilale when only one species completed development and the egg
was exposed to T. nubilale first (jf = 0.735 goodness of fit test, df=\,p = 0.391)

Theoretical
Observed

To only

Tn only

24.5
28

24.5
21

Discussion
Successful hybridization between closely related species has been found for several
Trichogramma species (Li and Li 1983). For example, a colony of T. evanescens from

Germany and a colony of T. ostriniae from China were hybridized successfully.
However, no successful hybridization was found between T. maidis and T. evanescens as
well as T. evanescens from China and T. evanescens from Germany, indicating variations
among different species and strains of Trichogramma. During the our experiment, we
observed the mating attempt of a male of one species with a female of another. This may
reduce the possibility of mating among con-specific individuals. The incompatibility cross
between T. ostriniae and T. nubilale therefore would not be to the advantage of both
species. The indiscrimination of T. nubilale females to eggs parasitized by conspecific
females or females of T. ostriniae may result in super- and multi-parasitism, and therefore
reduce the effect of both species in controlling the target pests.
avoid to release the two species simultaneously at the same field.

In practice, we should
The likelihood of T.

ostriniae winning the competition when resource is limited and the ability of T. ostriniae

discriminating eggs parasitized by con-specific individuals makes it a better candidate than
T. nubilalis for inundative releases to control ECB, and possibly the other pests.

97

References Cited
Abies, J. R., S. B. Vinson and J. S. Ellis. 1981. Host discrimination by Chelonus
insularis (Hym.: Braconidae), Telenomus heliothidis (Hym.: Scelionidae), and
Trichogrammapretiosum (Hym.: Trichogrammatidae). Entomophaga 26: 149-156.
Alphen, J. J. M. van, M. J. van, Dijken and J. K. Waage. 1987. A functional approach to
superparasitism: host discrimination needs no to be learnt. Netherlands J Zoology
37: 167-179.
Bigler, F., M. Bieri, A. Fritschy and K. Seidel. 1988. Variation in locomotion between
laboratory strains of Trichogramma maidis and its impact on parasitism of eggs of
Ostrinia nubilalis in the field. Entomol. Exp. Appl. 49:283-290.
Carton, Y, S. Hoauas, M. Marrakchi and M. Hochberg. 1991. Two competing parasitoid
species coexist in sympatry. Oikos 60: 222-230.
Dijken, M. J. van and J. K. Wagge. 1987. Self and conspecific superparasitism by the egg
parasitoid Trichogramma evanescens. Entomol. Exp. Appl. 43: 183-192.
Ertle, L. R. and C. P. Davis. 1975. Trichogramma nubilale new species (Hym.:
Trichogrammatidae), an egg parasite of Ostrinia nubilalis. Ann. Entomol. Society of
America 68: 525-528.
Geber, H. S. and E. C. Klostermeyer. 1970. Sex control by bees: a voluntary act of egg
fertilization during oviposition. Science 167: 82-84.
Glas, P. C., P. H. Smits, P. H. Vlaming and J. C. van Lenteran. 1981. Biological control
of lepidopteran pests in cabbage crops by means of inundative releases of
Trichogramma species (71 evanescens Westwood and T. cacoeciae March.) a
combination of field and laboratory experiments. Mededelingen van de faculteit
Landbouwwetenschappen Rijksuniversiteit Gent 46: 487-497.
Guo, M. 1985. Discrimination of hosts by Trichogramma japonicum and other species of
Trichogramma and inter-specific competition. Natural Enemies of Insects 7: 192200, 203.
Hirose, Y. M. Yamanaka and K. Hiehata. 1988 Competition and coexistence among
Trichogramma species in natural systems Colloques de 1’INRA n°43: 207-211.
Jones, W. A. and D. H. Sieglaff. 1991. Competitive behaviour of adults of three species
of pentatomid egg parasitoids and the effects on reproductive success. Colloques de
1'INRA 56: 33-36.

98

Klomp, H., B. J. Teerink and W. C. Ma. 1980. Discrimination between parasitized and
unparasitized hosts in the egg parasite Trichogrammci embryophagum (Hym.:
Trichogrammatidae): a matter of learning and forgetting. Netherlands! Zool 30
254-277.
Kostadinov, D. and B. Pintureau. 1991. A possibility to discriminate females of three
closely related species of Trichogrammci (Hymenoptera: Trichogrammatidae) with
special purpose analysis of the type of Trichogramma evanescens Westwood.
Annales de la Societe Entomologique de France 27:393-400.
Li, J.-L. and Y.-I. Chu. 1992. Interspecific competition between Trichogramma
chilonis Ishii and T. ostriniae Pang et Chen under different inoculated spaces and
temperatures. Plant Protection Bulletin Taipei 34:246-255.
Li, L. 1994. Worldwide use of Trichogiamma for biological control of different crops: a
survey, pp. 28-53. In: Wajnberg, E. and S. A. Hassan (eds.) Biological control with
egg parasitoids. CAB International, Willingford, Oxon, UK.
Li, L. and Y. Li. 1983. On sibling relationships among some species of Trichogramma.
Natural Enemies of Insects 5: 64-65.
Losey, J. E. and D. D. Calvin. 1991. Parasitization efficiency of five species of
Trichogramma (Hymenoptera: Trichogrammatidae) on European Corn Borer eggs.
Colloques de 1'INRA 56: 23-27.
Morrison, G. 1986. "Searching time aggregation" and density dependent parasitism in
a laboratory host-parasitoid interaction. Oecologia 68: 298-303.
Prokrym, D. R., D. A. Andow, D. A. Ciborowski and D. D. Sreenivasam. 1992.
Suppresson of Ostrinia nubilalis by Trichogramma nubilale in sweet corn. Entomol.
Exp. Appl. 64: 73-85.
Salt, G. 1937. The sense used by Trichogramma to distinguish between parasitized and
unparasitized hosts. Proceedings of the Royal Society. London 122: 57-75.
Suzuki, Y., H. Tsuji, and M. Sasakawa. 1984. Sex allocation and effects of
superparasitism on secondary sex ratios in the gregarious parasitoid, Trichogramma
chilonis (Hymenoptera: Trichogrammatidae). Animal Behaviour 32:478-484.
Tavares, J. and J. Voegele. 1991. Influence of the phototropism over the egg
laying rhythm and emergence of three Trichogramma species (Hym.,
Trichogrammatidae). Redia 74: Appendix, 309-314.

99

van Dijken, M. J., M. Kole, J. C. Lenteren, and A. M. Brand. 1986. Host preference
studies with Trichogrammci evanescens Westwood (Hym: Trichogrammatidae) for
Mamestra brassicae, Pier is brassicae and Pier is rcipcie. Zeitschrifl fur Angewandte
Entomologie 101: 64-85.
Waage, J. K., J. A. Lane, W. D. Hamilton and J. H. Werren. 1984. The reproductive
strategy of a parasitic wasp. II. Sex allocation and local mate competition in
Trichogramma evanescens. J. Animal Ecology 53: 417-426.
Wang, Z-Y, D-Y. Zhou and S. A. Hassan. 1996. Ovipositional behavior of
Trichogramma ostriniae. Chinese J. Biological Control 12: 145-149.

100

CHAPTER 6
EFFECTIVENESS OF TR1CHOGRAMMA OSTRINIAE AND T. NUBILALE FOR
CONTROLLING THE EUROPEAN CORN BORER IN SWEET CORN
Abstract
Seven field releases of Trichogramma ostriniae and T. nubilale were made separately
and in combination in a sweet corn field to compare the level of parasitism in sentinel eggs
of the European com borer, Ostrinia nubilalis (Lepidoptera: Pyralidae). The results
indicate that the levels of egg parasitism among different release dates differed mainly
because of changes in weather and plant architecture within the season. The level of egg
parasitism by releasing T. ostriniae alone was found to be 15% higher than that by
releasing T. nubilale alone, and 20% higher than by releasing the combination of the two
species. Further analyses using the logistic regression model for independent and
correlated data indicated T. ostriniae to be more efficient at discovering host egg masses
and to have higher levels of egg parasitism than T. nubilale. Mutual interference between
T. ostriniae and T. nubilale was the main factor for the lower level of egg parasitism when
T. ostriniae and T. nubilale were released together. The results suggest that T. ostriniae
is the better candidate for augmentative releases for control of the European corn borer,
and the two species should not be released into a corn field at the same time.
Introduction
Corn, Zea mays (L.), is a major cereal crop in the United States. The area planted to
corn has increased from 60 million to 80 million acres from 1970 to 1996, and yield of
corn increased from just over 7.1 billion bushels in 1987 to more than 9.0 billion bushels in
1996 (Crop Production, National Agricultural Statistics Service, USDA, Washington, D.
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C., 1996). There has been more land planted to corn than any other crop in the United
States since 1970. However, yields are influenced by insect pests, with the European corn
borer, Ostrinia nubilalis Hubner, being the major insect pest of aerial parts of the plant.
/

Various methods of managing this pest and its sibling species the Asian corn borer,
Ostrinia furnctcalis (Guenee), have been practiced in many countries. Releasing the egg
parasitoid Trichogramma spp. to control the borer in the egg stage, is one of the
successful methods of control (Qian et al. 1984, Wang et al. 1984, Bigler and Brunetti
1992, Li 1994).
Numerous studies have been done on Trichogramma biology, behavior and use in
pest control since Westwood (1833) first described the genus using T. evanescens
Westwood as the type species. However, only since Flanders (1929) developed the first
mass-rearing system with Sitotroga cerealella (Oliv.) eggs (Olkowski and Zhang 1990),
has the utilization of Trichogramma for controlling lepidopterous pests been realized in
many countries. Despite the fact that intensive studies have been conducted on
Trichogramma, the identification and selection of species and strains for controlling
lepidopterous pests on a given crop within specific regions are still important issues to
address.
The selection of suitable species and strains of Trichogramma for managing European
corn borer has been the focus of many scientific studies. At least five Trichogramma
species are known to be effective and have been released in the field for controlling O.
nubilalis and O. furnacalis. Among them, T. evanescens was used in several countries
such as the former USSR (Beglyarov and Smitnik 1977) and Germany (Hassan 1993) for
controlling O. nubilalis and in the Philippines (Felkl et al. 1990) for controlling O.
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furnacalis; T. maidis Pintureau and Voegele (= T. brassicae) was used for controlling O.
nubilalis in the European countries, such as Switzerland (Bigler 1986), France, Italy,
Austria, and the Netherlands (van Schelt and Ravensberg 1990). In the United States,
studies have shown that T. nubilale Ertle and Davis appears to be the most suitable
candidate among several native Trichogranwia species for controlling O. nubilalis
(Andow and Prokrym 1991, Losey and Kalvin 1990). However, mass rearing of this
species is currently expensive. T. ostriniae Pang et Chen has been shown to be effective at
controlling O. furnacalis in China (Qian 1984, Wang et al. 1984, Zhang 1988, Zhang et al.
1990), and possibly O. nubilalis in Europe (Hassan 1990) and in the United states (Wang
et al. 1997). In addition, mass rearing of T. ostriniae on factitious hosts such as Corcyra
cephalonica (Stainton) has been successful and is inexpensive. Introduction of T.
ostriniae for controlling the European corn borer was therefore considered and a
population of the species originating from Jilin province of northeastern China was
brought into the United States in 1990 for assessment.
This paper reports on the effectiveness of releasing T. ostriniae and T. nubilale alone,
and in combination for controlling the European corn borer in sweet corn.
Materials and Methods
Pupae of the European corn borer were shipped from the USDA/ARS, Corn Insect
Research Laboratory, Ames, Iowa, USA. On arrival, the pupae were placed into a cage
(60 x 40 x 40 cm) within an environmental chamber maintained at 27°C, 75 ±10 %
relative humidity and a photoperiod of 16: 8 (L:D). Adult moths began to emerge within
three days of being placed in the chamber. The bottom of the cage was made of wood,
and the sides were constructed of metal screen. Wax paper was placed on the ceiling of
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the cage as a substrate for oviposition. One day old eggs are preferred for oviposition by
I ostriniae, and were used for rearing wasps and as sentinel egg masses in field studies.
Egg masses were separated by cutting the paper into pieces, each containing one egg mass
(25-30 eggs).
T. ostriniae was first colonized under laboratory conditions at the Biological Control
Laboratory, USD A, Mission, Texas, USA. Parasitized European corn borer eggs were
shipped from the USDA/APHIS/PPQ laboratory to establish the University of
Massachusetts (UMASS) colony. T. rmbilale was obtained from Dr. Charles Mason,
Department of Entomology, University of Delaware, Newark, Delaware, USA to establish
the UMASS colony of this species. Both UMASS colonies were maintained in the
laboratory on European corn borer eggs. Studies have shown that long term rearing of
Trichogramma spp. continuously on a factitious host in the laboratory caused a decrease
in the flight ability as well as decreased levels of egg parasitism by the wasps (van Bergeijk
et al. 1989, Wang unpublished). To maintain genetic diversity, the wasps were released
into a corn field to parasitize sentinel European corn borer eggs, and parasitized eggs were
returned to the laboratory in late summer or early fall, and introduced into the colony.
Wasps were also released in a greenhouse once after being reared for 5-8 generations
continuously in the laboratory to parasitize eggs placed on corn plants.
The study was conducted at the University of Massachusetts Vegetable Research
Farm, South Deerfield, Massachusetts, USA during the summer of 1995. Two fields with
three plots each were planted to Seneca Horizon (65 days to harvest) on May 15 and June
15. Each plot was 30 x 30 m and each was separated by a 15 m fallow area. Previous
studies showed that T. ostriniae dispersed slowly even in a field with corn plants (Wang et
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al. 1997.) and showed little dispersal across fallow land. Each plot was divided into 25
equal sized cells (2.5 x 2.5 m). A European corn borer egg mass, containing
approximately 25 eggs on a piece of wax paper, was stapled to a leaf located at the middle
portion of a corn plant at each intersection of the cells for a total of 16 plants per plot.
For each release, 3,000 female T. ostriniae, T. nubilale wasps, or 1,500 of each species in
combination were released into each plot. The plots receiving Trichogramma spp. were
randomized for each release. A previous study (Wang unpublished) showed T. ostriniae
to survive no more than 3-4 days in the field. This allowed us to make multiple releases a
week apart without concern of wasps from one week contributing to the following week’s
parasitism. Releases were made on July 4, July 11, July 18 and July 25 for the field
planted on May 15, and on August 1, August 8 and August 15 for the field planted June
15. The sentinel European corn borer eggs were placed in the field the day of release and
retrieved three days after releasing wasps into the plots. The number of eggs that were
preyed on or found missing was recorded for each plot. Individual egg masses from each
plot were placed into ventilated plastic cups (diameter 85 mm, height 120 mm) and placed
in an environmental chamber maintained at 27°C, 75 ±10 % relative humidity and a
photoperiod of 16:8 (L:D). Approximately three days later, egg masses were checked for
the number of eggs parasitized, number of eggs that were alive (larvae hatched) and dead.
European corn borer larvae that hatched from unparasitized sentinel European corn borer
eggs were removed from the cup every 6-12 hours, since newly hatched larvae may attack
the unhatched and parasitized eggs.
The numbers of egg masses that were parasitized for each plot were also recorded as
an indicator of the percentage of egg masses discovered by the two Trichogramma
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species. An egg mass was considered discovered even if only one egg in the egg mass was
parasitized. Egg mass discovery, expressed as a percentage of discovered egg masses
over the total number of masses placed in the field, was considered by Bin and Vinson
(1990) to be a measure of host finding efficiency, that is, habitat and host location by the
parasitoid. This definition, although not precise because it excludes the number of egg
masses discovered by wasps but not parasitized, is of practical value because it is easy to
measure for experiments conducted under field conditions. This is important where
determination of the number of egg masses discovered but not parasitized by the minute
Trichogrammci becomes virtually impossible. The three release methods were further
evaluated by comparing the number of eggs parasitized in a discovered egg mass
(parasitism efficiency), an intra-patch parameter defined by Bin and Vinson (1990).
Corn leaf area was measured approximately every five days, using the same method as
was used by Andow and Prokrym (1991). The height of the corn plant was recorded and
the number of leaves per plant was counted to determine where to place egg masses within
the corn plant. Weather such as temperature, rainfall, and relative humidity were not
monitored in this field. However, these parameters were obtained from a weather station
located in an adjacent potato field (50 m away).
To determine whether there were differences in overall levels of egg parasitism
between treatments (WASP) and the seven releases (REL), the data were analyzed using
the logistic regression model (Hosmer and Lemeshow 1989). The dependent variable
used was the number of eggs parasitized (PARAE) over the number of eggs (EGG) in an
egg mass. The independent variables were WASP and REL. The BLOGIT command of
STATA (Ver. 4.0, Stata Co. 1995) was used for the logistic regression. Because both the
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independent variables were categorical, dummy variables were assigned for them. The
significance of a variable, for example, WASP was determined by using the Likelihood
Ratio Test. This was done by running BLOGIT with all the variables in one run and
without the tested variables in another. Therefore, two log likelihoods were obtained, one
for the model with the variable and one for the model without the variable. Statistically,
the product G = -2(log likelihood without the variable - log likelihood with the variable)
should follow the ^distribution with degrees of freedom equal to the number of variables
not included. Therefore, thep-value can be obtained. The comparison between the three
treatments of releasing wasps and the seven releases were obtained by using different
reference groups. For example, to compare T. ostriniae alone with the other two
treatments, T. ostriniae was used as the reference when assigning dummy variables. To
compare T. nubilale alone with the other two treatments, T. nubilale was used as the
reference. The 95% confidence interval of the odds ratio was used to decide if the two
groups differed significantly. If the confidence interval contains the value 1, the two
groups were not significantly different at the a = 0.05 level, otherwise, they were
significantly different.
Logistic regression was also used to determine the significance of WASP and REL on
the discovery efficiency of egg masses. The procedure was the same as was done for the
overall levels of egg parasitism, except that the dependent variable was the number of egg
masses parasitized (PARAM) over the number of egg masses (NMASS) for each
treatment, that is, each wasp species alone and in combination.
The significance of WASP and REL on the level of egg parasitism for those egg
masses parasitized was analyzed using the Generalized Estimating Equations (GEE)
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procedure (Liang and Zeger 1986). We modified the SAS (SAS Institute Inc. 1989)
macro for the GEE procedure prepared by Karim and Zeger (1989). The GEE function is
now also available in STATA (STATA Co. Ver. 5.0 1995). The GEE procedure was
necessary because the outcome, the number of eggs parasitized over the number of eggs in
an egg mass for those egg masses parasitized, was a proportion correlated with each other
in this experiment. Among the important parameters resulting from running the GEE
procedure were the robust covariance matrix and correlation coefficients of the
independent variables. These values were then used in the calculation of the x value f°r
treatments (wasps, df= 2) and replications (seven releases, df = 6).
Results and Discussion
Both the species released (WASP) and different release date (REL) had significant
effects on the overall level of egg parasitism. The p-value for both WASP (j2 = 359.6, df
= 2) and REL (j;2 = 302.4, df - 6) were far less than 0.0001. Therefore, the levels of
parasitism for each treatment for the seven releases were listed separately in Table 6.1.
The differences in the levels of parasitism among different release dates corresponded to
the results of our previous study that the level of parasitism of European corn borer by T.
ostriniae was affected by weather conditions and plant architecture (Wang et al. 1997),
both of which changed over the growing season. The results of comparison among
different treatments (Table 6.1, page 109) indicated that there were differences for overall
egg parasitism between any two of the three treatments. Based on the odds ratios,
releasing T. ostriniae alone was better than releasing T. nnbilale alone (Odds ratio = 2.19)
and the combination of both species (Odds ratio = 3.09). Releasing T. nnbilale alone was
better than releasing the combination of both species (Odds ratio = 1.40). This is
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interesting, because if T. ostriniae had a higher efficiency in parasitizing European corn
borer eggs, then we should expect that releasing the combination of both species would
result in a higher level of egg parasitism than releasing T. nubilale alone unless the two
species interfered with each other.

Table 6.1. Percentage egg parasitism (Mean ± S.E.) of European corn borer for T.
ostriniae {To), for T. nubilale {Tn) and for the combination of T. ostriniae and T.
nubilale {Ton) for different release dates.

Release Date
July 4
July 11
July 18
July 25
August 1
August 8
August 15
Mean*
Odds Ratio (vs Tn)
Odds ratio (vs Ton)

Trichogramma species
Ton
Tn
To
13.8 ±6.0
29.4 ±7.1
12.8 ±5.3
16.4 ±5.9
22.6 ±6.9
44.2 ±8.5
24.8 ±7.1
26.9 ±7.0
42.1 ±9.0
32.6 ±20.2 36.4 ± 17.9
43.1 ± 13.1
27.2 ±7.4
52.3 ± 12.7
49.8 ± 11.7
25.4 ±8.0
40.1 ± 10.5
59.0 ±8.8
16.3 ± 11.0
63.0 ±20.1
72.5 ± 18.7
22.6 ± 3.1c 26.8 ± 3.3b
43.4 ± 3.7a
2.2 (1.9 -2.5)
1.4(1.2-16)
3.1(2.7 - 3.5)

Mean
18.9 ± 3.6a
27.4 ± 4.2b
30.7 ± 4.4cd
39.4 ± 9.Id
42.4 ± 6.3e
41.3 ± 5.4e
44.3 ± 10.4e

* Mean values in the same row or column followed by different letters were significantly
different (a = 0.05) based on comparison of 95% Confidence Interval of Odds Ratio
(in brackets).

The results from analyzing the percentage of egg masses parasitized revealed that the
ability of each species to discover European corn borer egg masses differed {x =22, df
=2, p < 0.001, Table 6.2). T. ostriniae was better than T. nubilale in finding egg masses
(Table 6.2, page 110). The lowest egg mass discovery (31.4%) was found for egg masses
distributed in the plots where T. ostriniae and T. nubilale were released together,
compared to plots where T. ostriniae (60.6%) and T. nubilale (43.1 %) were released
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alone. These results are in contrast to the study by Hassan (1994) who released T.
dendrolimi Matsumura and T. embryophagum (Hartig) to control the tortrix moth,
Adoxphyes orana Fischer, or T. dendrolimi and T. cacoeciae Marchal to control the
codling moth, Cydia pomonella (L.), where the combination of the two species achieved
better control. This difference is likely the result of different interactions among
competing Trichogramma species. It appears that there was mutual interference between
T. ostriniae and I nubilale, a phenomenon in which the behavior of one species adversely
influenced the behavior of the other. Our laboratory studies using the same two species
yielded almost the same results. If this is a common response when more than one species
of Trichogramma compete for the same resource, it will be important to restrict releases
to one species.

Table 6.2. Percentage of sentinel European corn borer egg masses parasitized by
T. ostriniae (7b), T. nubilale (Tn), and the combination of both species (Ton) for the
different release dates.

Release Date
July 4
July 11
July 18
July 25
August 1
August 8
August 15
Mean*
Odds Ratio(vs Tn)
Odds Ratio (vs Ton)

Trichogramma species
Ton
Tn
To
16.1
36.1
17.6
17.2
33.3
15.2
41.4
29.4
51.9
50.0
64.3
40.0
60.0
57.1
83.3
50.0
38.1
75.0
66.7
80.0
22.2
43.1b
31.4b
60.6a
2.3 (1.3 -3.8)
0.7 (0.4- 1.2)
3.3 (3.0-5.6)

Mean
23.3a*
21.9a
40.9b
51 4bc
66.8c
54.4c
56.3c

* Mean values in the same row or column followed by different letters were significantly
different (a = 0.05) based on comparison of 95% Confidence Interval of Odds Ratios
(in brackets).

no

After running the GEE procedure, and analyzing the covariance and correlation of the
independent variables, we found that there were also differences among the three
treatments for the level of egg parasitism among those egg masses parasitized {x = 9.1, df
= 2,p = 0.01), and among the seven releases {jc = 29.6, df =6,p< 0.001). The
proportion of eggs parasitized for plots receiving T. ostriniae {162%) was higher than
plots receiving T. nubilale (67.7%), but almost the same as plots receiving the
combination (75.4%, Table 6.3). There was a marginal difference (p = 0.066) between the
percentage of eggs parasitized for plots receiving T. nubilale and the combination of both
species.

Because of the subtle differences in proportional eggs parasitized for parasitized

Table 6.3. Percentage of eggs parasitized within an egg mass for parasitized egg masses
{To = T. ostriniae, Tn = T. nubilale and Ton = the combination of T. ostriniae and T.
nubilale, j3 = estimated coefficient adjusted for releases from running GEE Macro of
SAS)

Release Date
July 4
July 11
July 18
July 25
August 1
August 8
August 15
Mean*
Comparison

3
E

To
80.3
73.7
81.2
75.5
59.8
78.7
90.6
76.2a
To vs Tn
9.82
0.003

Trichogi’amma species
Ton
Tn
72.5
85.6
59.5
67.7
64.9
84.4
72.7
81.6
45.3
81.3
80.2
66.7
94.5
72.6
67.7b
75.4ab
Tn vs Ton
To vs Ton
9.94
0.12
0.066
0.976

* Mean values in the same row or column followed by different letters were significantly
different.
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egg masses, the differences in total number of eggs parasitized for the species alone and in
combination were due primarily to the differences in the species locating egg masses.
Releasing T. ostriniae alone was the most effective among the three types of releases,
which was shown by both the incidence of egg mass discovery and percentage egg
parasitism. The results suggest that detailed studies are necessary before making
simultaneous releases of different Trichogramma species to control lepidopterous pests.
We released 3,000 female wasps per plot (33,000 females per hectare) in the center of
each plot. Though the release rate was one third of the rates listed by Smith (1996) for
controlling the European corn borer by four Trichogramma species, the overall egg
parasitism (29.4-72.5%) and egg mass parasitism (36.1-83.3) from the plot where T.
ostriniae was released were still fairly high. The results from this study clearly shows that
T. ostriniae is a better candidate than T. nubilale for inundative releases to control the
European corn borer.
References Cited
Andow, D. A. and D. R. Prokrym. 1991. Release density, efficiency and disappearance of
Trichogramma nubilale for control of European corn borer. Entomophaga 36: 105113.
Beglyarov, G. A. and A. I. Smitnik. 1977. Seasonal colonization of entomophages in the
USSR. pp. 283-329. In: Ridgway, R. L. and S. B. Vinson, Biological Control by
Augmentation of Natural Enemies. New York: Plenum. 480 pp.
Bigler, F. 1986. Mass production of Trichogramma maidis Pint, et Voeg. and its field
application against Ostrinia nubilalis Hbn. in Switzerland. J. Appl. Entomol. 101:
23-29.
Bin, F. and S. B. Vinson. 1990. Efficacy assessment in egg parasitoids (Hymenoptera):
proposal for a unified terminology. In: Wajnberg, E. and S. B. Vinson (eds.),
Trichogramma and other egg parasitoids. Proceedings of International Symposium,
3rd, San Antonio, Texas. No. 56. Paris: INRA, pp. 175-179.

112

Crop Production Nat. Agric. Stat. Srv., USDA, Washington, D.C. 1996. World-WideWeb: http://usda.mannlib.cornell.edu/reports/nassr/field/pcp-bb/1996/cropproduction-10.11.96.
Felkl, G., E. J. Tulauan, O. T. Lorenala, V. Y. Rendon and A. A. Fajardo. 1990.
Establishment of Trichogrcimmci evanescem Westw. in two corn growing areas in the
Philippines. In: Wajnberg, E. and S. B. Vinson (eds.), Trichogramma and other egg
parasitoids. Proceedings of International Symposium, 3rd, San Antonio, Texas. No.
56. Paris: INRA, pp. 191-195.
Flanders, S. E. 1929. The mass production of Trichogramma minimum Riley and
observation on the natural and artificial parasitism of the codling moth egg.
Proceedings of the 4th international congress of Entomology 2: 110-130.
Freeman, M. F. and J. W. Tukey, 1950. Transformations related to the angular and the
square root. The Annals of Mathematical Statistics 21: 607-611.
Hassan, S. A. 1990. A simple method to select effective Trichogramma strains for use
in biological control. In: Wajnberg, E. and S. B. Vinson (eds.) Trichogramma and
other egg parasitoids, Proceedings of International Symposium, 3rd, San Antonio,
Texas. No. 56. Paris: INRA, pp. 201-204.
Hassan, S. A. 1993. The mass rearing and utilization of Trichogramma to control
lepidopterous pests: achievements and outlook. Pesticide Science 37:387-391.
Hosmer, D. W. and S. Lemeshow. 1989. Applied Logistic Regression. John Wiley and
Sons Inc., 307pp.
Karim, M. R. and S. L. Zeger. 1989. GEE macro for SAS Ver. 1.25. Department of
Biostatistics, The Johns Hopkins University, 615 North Wolfe Street, Baltimore, MD
21205.
Liang, K-Y. and S. L. Zeger. 1986. Longitudinal data analysis using generalized linear
models. Biometrika 73: 13-22.
Losey, J. E. and D. D. Calvin. 1990. Parasitization efficiency of five species of
Trichogramma (Hym.: Trichogrammatidae) on European corn borer eggs. In:
Wajnberg, E. and S. B. Vinson (eds.), Trichogramma and other egg parasitoids.
Proceedings of International Symposium, 3rd, San Antonio, Texas. No. 56. Paris:
INRA, pp. 109-213.
Olkowwski, W. and A. Zhang. 1990. Trichogramma - A modern day frontier in
biological control. IPM practitioner 12: 1-28.

113

Qian, Y., R. Cao and G. Li. 1984. Biology of Trichogramma ostritiiae and evaluation of
its effectiveness in controlling corn borer. Acta Entomologica Sinica 27: 287-293
SAS Institute Inc. 1989. SAS/STAT® User’s Guide, Ver. 6, 4th Edition, Vol 1, Cary,
North Carolina, 943 pp.
Smith, S. M. 1996. Biological control with Trichogramma: advances, successes, and
potential of their use. Ann. Review Entomol. 41: 375-406.
STATA Corporation. 1995. STATAtm for Windows, Version 4.0. STATA Corporation,
702 University Drive East, College Station, Texas 77840 USA.
van Bergeijk, K. E., F. Bigler, N. K. Kasshoek and G. A. Pak. 1989. Changes in host
acceptance and host suitability as an effect of rearing Trichogramma maidis on a
factitious host. Entomol. Exp. Appl. 52: 229-238.
Van Schelt, J. and W. J. Ravensberg. 1990. Some aspects on the storage and application
of Trichogi'amma maidis in corn. In: Wajnberg, E. and S. B. Vinson (eds.),
Trichogramma and other egg parasitoids. Proceedings of International Symposium,
3rd, San Antonio, Texas. No. 56. Paris: INRA, pp. 239-242.
Wang, B., D. N. Ferro and D. W. Hosmer. 1997. Importance of plant size, distribution of
egg masses, and weather conditions on egg parasitism of the European corn borer,
Ostriniae nubilalis by Trichogramma ostriniae in sweet corn. Entomol. Exp. Appl.
83: 337-345.
Wang, C., H. Wang, C. Gui and H. Lu. 1984. Studies on the control of Asian corn borer,
Ostrinia furnacalis, with Trichogramma. In: Adkisson, P. L. and S. Ma (eds).
Proceedings of Chinese Academy of Sciences - U. S. National Academy of Sciences
Joint Symposium on Biological Control of Insects. September 25-28, Beijing, China:
Science Press, pp. 268-273.
Westwood, J. O. 1833. Descriptions of several new British forms amongst the parasitic
Hymenopterous insects. The London, Edinburgh and Dublin Philosophical
Magazine and Journal of Science 2: 443-445.
Zhang, J., J. Wang, B. Cong and C. Yang. 1990. A faunal study of Trichogramma
(Hym.: Trichogrammatidae) species on Ostrinia furnacalis (Lep.: Pyralidae) in China.
Chinese J. Biological Control 6: 49-53.
Zhang, Z. 1988. Trichogramma spp. parasitizing the eggs of Asian corn borer Ostrinia
furnacalis and its efficacy in Beijing suburbs. In: Voegele, J.; Waage, J. and J. C. van
Leteren (eds), Trichogramma and other egg parasites, Ilnd International Symposium,
Les Colloques de 1’INRA Paris 43: 629-633.

114

BIBILIOGRAPHY
Abies, J. R., D.W. McCommas Jr., S. L. Jones and R. K. Morrison. 1980. Effect of
cotton plant size, host egg location, and location of parasite release on parasitism by
Trichogramma pretiosum. Southwestern Entomologists 5: 261-265.
Abies, J. R., S. B. Vinson and J. S. Ellis. 1981. Host discrimination by Chelonus
insular is (Hym.: Braconidae), Telenomus heliothidis (Hym.: Scelionidae), and
Trichogrammapretiosum (Hym.: Trichogrammatidae). Entomophaga 26: 149-156.
Allen, J. C. and D. Gonzalez. 1974. Spatial attack patterns of Trichogramma pretiosum
around release sites compared with a random diffusion model. Environ. Entomol 3*
647-652.
Alphen, J. J. M. van, M. J. van, Dijken and J. K. Waage. 1987. A functional approach to
superparasitism: host discrimination needs no to be learnt. Netherlands J. Zoology
37: 167-179.
Andow, D. A. and D. R. Prokrym. 1991. Release density, efficiency and disappearance of
Trichogramma nubilale for control of European corn borer. Entomophaga 36: 105113.
Andow, D. A. and S. J. Risch. 1985. Predation in diversified agroecosystems: relation
between a coccinellid predator Coleomegilla maculata and its food. J. Appl. Ecol.
22: 357-372.
Anonymous. 1 989. European corn borer: development and management. Iowa
Agricultural Experimental Station, North Central Regional Extension Publication No.
327.
Baxendale, F. P. and L. Hodges. 1992. European corn borer injury to peppers.
World-Wide-Web: http://ianrwww.unl.edu/ianr/pubs/nebfacts/nf92-53.htm.
Beck, S. D. 1987. Developmental and seasonal biology of Ostrinia nubilalis. Agric.
Zool. Reviews 2: 59-96.
Beglyarov, G. A. and A. I. Smitnik. 1977. Seasonal colonization of entomophages in the
U.S.S.R. pp. 283-329. In: Ridgway, R. L. and S. B. Vinson, Biological Control by
Augmentation of Natural Enemies. New York: Plenum. 480 pp.
Biever, K. D. 1972. Effect of temperatures on the rate of search by Trichogramma and its
potential application in field release. Environ. Entomol. 1: 194-197.

115

Bigler, F. 1986. Mass production of Trichogramma maidis Pint, et Voeg. and its field
application against Ostrinia nubilalis Hbn. in Switzerland. J. Appl. Entomol 101
23-29.
Bigler, F. and R. Brunetti. 1986. Biological control of Ostrinia nubilalis Hbn. By
Trichogramma maidis Pint, et Voeg. on corn for seed production in southern
Switzerland. J. Appl. Entomol. 102: 303-308.
Bigler, F., M. Bieri, A. Fritschy and K. Seidel. 1988. Variation in locomotion between
laboratory strains of Trichogramma maidis and its impact on parasitism of eggs of
Ostrinia nubilalis in the field. Entomol. Exp. Appl. 49: 283-290.
Bigler, F. 1994. Quality control in Trichogramma production, pp 94-111. In: Wajnberg,
E. and S. A. Hassan (eds.), Biological control with egg parasitoids. CAB
International, Willingford, Oxon, UK.
Bin, F. and S. B. Vinson. 1990. Efficacy assessment in egg parasitoids (Hymenoptera):
proposal for a unified terminology. In: Wajnberg, E. and S. B. Vinson (eds.),
Trichogramma and other egg parasitoids. Proceedings of International Symposium,
3rd, San Antonio, Texas. No. 56. Paris: INRA, pp. 175-179.
Burbutis, P. P., G. D. Curl and C. P. Davis. 1977. Host searching behavior by
Trichogramma nubilale on corn. Environ. Entomol. 6: 400-402.
Burbutis, P. P. and C. H. Koepk. 1981. European corn borer control in peppers by
Trichogramma nubilale. J. Econ. Entomol. 74: 246-247.
Caffrey, D. J. and L. H. Worthley. 1927. A progress report on the investigation of the
European corn borer. U.S. Dept. Agric. Bull. 1476.
Cao, G., W. Lu and S. Long. 1988. Studies on comparison of esterase isozyme of
different species of Trichogramma. Colloques de VINRA No. 43, 35-44.
Carton, Y, S. Hoauas, M. Marrakchi and M. Hochberg. 1991. Two competing parasitoid
species coexist in sympatry. Oikos 60: 222-230.
Cock, M. J. W. 1985. The use of parasitoids for augmentative biological control of pests
in the People’s Republic of China. Biocontrol News and Information 6: 213-224.
Crop Production Nat. Agric. Stat. Srv., USDA, Washington, D.C. 1996. World-WideWeb: http://usda.mannlib.comell.edu/reports/nassr/field/pcpbb/1996/crop_production_10.11.96.

116

Crop Production, Nat. Agric. Stat. Srv., USDA, Washington, D C , 1997. World-WideWeb: http://usda.mannlib.comell.edu/reports/nassr/field/pcpbb/1997/crop_production_08.12.97.
Dai, L. and D. Wu. 1987. Ultrastructural observations on the spermatozoa of
Trichogramma. Acta Zoologica Sinica 33:262-266.
Dicke, F. E. 1932. Studies on the host plants of the European corn borer Pyrausta
nubilalis Hubner in southeastern Michigan. J. Econ. Entomol. 25: 868-878.
Dijken, M. J. van, M. Kole, J. C. Lenteren and A. M. Brand. 1986. Host preference
studies with Trichogramma evanescens Westwood (Hym: Trichogrammatidae) for
Mamestra brassicae, Pieris brassicae and Pieris rapae. Zeitschrift fur Angewandte
Entomologie 101: 64-85.
Dijken, M. J. van and J. K. Wagge. 1987. Self and conspecific superparasitism by the
egg parasitoid Trichogramma evanescens. Entomol. Exp. Appl. 43: 183-192.
Du, Y., G. Yang and Y. Wang. 1985. The influence of different diets on the development
of corn borer. Insect Knowledge 22: 154-155.
Ertle, L. R. and C. P. Davis. 1975. Trichogramma nubilale new species (Hym.:
Trichogrammatidae), an egg parasite of Ostrinia nubilalis. Ann. Entomol. Society of
America 68: 525-528.
Fan, Y. and F. L. Petitt. 1994. Parameter estimation of the functional response. Environ.
Entomol. 23: 785-794.
Felkl, G., E. J. Tulauan, O. T. Lorenala, V. Y. Rendon and A. A. Fajardo. 1990.
Establishment of Trichogramma evanescens Westw. in two corn growing areas in the
Philippines. In: Wajnberg, E. and S. B. Vinson (eds.), Trichogramma and other egg
parasitoids. Proceedings of International Symposium, 3rd, San Antonio, Texas. No.
56. Paris: INRA, pp. 191-195.
Ferro D. N. and G. Fletcher-Howell. 1985. Controlling the European corn borer
(Lepidoptera: Pyralidae) on successfully planted sweet corn in western
Massachusetts. J. Econ. Entomol. 78: 902-907.
Ferro, D. N., J. A. Logan, R. H. Voss and J. S. Elkinton. 1985. Colorado potato beetle
(Coleoptera: Crysomelidae) temperature-dependent growth and feeding rates.
Environ. Entomol. 14: 343-348.
Flanders, S. E. 1929. The mass production of Trichogramma minimum Riley and
observation on the natural and artificial parasitism of the codling moth egg.
Proceedings of the 4th international congress of Entomology 2: 110-130.
117

Freeman, M. F. and J. W. Tukey, 1950. Transformations related to the angular and the
square root. The Annals of Mathematical Statistics 21: 607-611.
Frye, R. D. 1972. Evaluation of insect predation on European corn borer in North
Dakota. Environ. Entomol. 1: 535-536.
Geber, H. S. and E. C. Klostermeyer. 1970. Sex control by bees: a voluntary act of egg
fertilization during oviposition. Science 167: 82-84.
Gilbert, N., A. P. Gutierrez, B. D. Frazer and R. E. Jones. 1976. Ecological
relationships. W. H. Freeman, Reading, England.
Glas, P. C., P. H. Smits, P. H. Vlaming and J. C. van Lenteran. 1981. Biological control
of lepidopteran pests in cabbage crops by means of inundative releases of
Trichogrammci species (I evanescens Westwood and T. cacoeciae March.) a
combination of field and laboratory experiments. Mededelingen van de faculteit
Landbouwwetenschappen Rijksuniversiteit Gent 46: 487-497.
Got, B. and F. Rodolphe. 1989. Temperature-dependent model for European corn borer
(Lepidoptera: Pyralidae) development. Environ. Entomol. 18: 85-93.
Gou, X. 1986. Bionomics of Trichogrammci ostriniae Pang et Chen. Chinese J.
Biological Control 2: 148-152.
Gould, J. and J. Elkinton. 1990. Temperature-dependent growth of Cotesia melanoscela
(Hymenoptera: Braconidae), a parasitoid of the gypsy moth (Lepidoptera:
Lymentridae). Environ. Entomol. 19: 859-865.
Guo, M. 1985. Discrimination of hosts by Trichogi'amma japonicum and other species of
Trichogramma and inter-specific competition. Natural Enemies of Insects 7: 192200, 203.
Hammad, S. M. 1961. The morphology and histology of the sexual scent glands in certain
female lepidopterous moths. Bull. Sco. Ent. Egypt 45: 471-482.
Hanec, W. and S. D. Beck. 1960. Cold hardiness in the European corn borer, Pyrausta
nubilalis (Hubner). J. Insect Physiology 5: 169-180.
Hassan, S. A. 1989. Selection of suitable Trichogramma strains to control the codling
moth Cydia pomonella and the summer fruit tortrix moth Adoxophyes orana,
Pandemis heparana (Lep., Totricidae). Entomophaga 34: 19-27.

118

Hassan, S. A. 1990. A simple method to select effective Trichogramma strains for use in
biological control. In: Wajnberg, E. and S. B. Vinson (eds.) Trichogramma and
other egg parasitoids, Proceedings of International Symposium, 3rd, San Antonio,
Texas. No. 56. Paris: INRA, pp. 201-204.
Hassan, S. A. 1993. The mass rearing and utilization of Trichogramma to control
lepidopterous pests: achievements and outlook. Pesticide Science 37:387-391.

Hassan, S. A. 1994. Strategies to select Trichogramma species for use in biological
control, pp 55-71. In Wajnberg, E. and S. A. Hassan (eds.) Biological control with
egg parasitoids. CAB International, Willingford, Oxon, UK.
Hassell, M. P. 1978. The dynamics of Arthropod predator-prey systems. Princeton
University Press, Princeton, New Jersey, 237 pp.
Hassell, M. P. and R. M. May. 1973. Stability in insect host-parasite models. J. Anim.
Ecol. 42:493-726.
Hassell, M. P., J. H. Lawton and J. R. Beddington. 1977. Sigmoid functional responses
by invertebrate predators and parasitoids. J. Anim. Ecol. 46: 249-262.
Hazzard, R. V. and D. N. Ferro. 1991. Feeding responses of adult Coleomegilla
macnlata (Coleoptera: Coccinellidae) to eggs of Colorado potato beetle (Coleoptera:
Chrysomelidae) and Green Peach Aphids (Homoptera: Aphididae). Environ.
Entomol. 20: 644-651.
Hilbert, D. W. and J. A. Logan. 1983. Empirical model of nymphal development for the
migratory grasshopper, Melanoplus sanguinipes (Orthoptera: Acrididae). Environ.
Entomol. 12: 1-5.
Hirose, Y. M. Yamanaka and K. Hiehata. 1988 Competition and coexistence among
Trichogramma species in natural systems Colloques de 1’INRA n°43: 207-211.
Hodgson, B. E. 1928. The host plants of the European corn borer in New England. US
Dept. Agric. Tech. Bull. No.7.
Holling, C. S. 1959. The components of predation as revealed by a study of small
mammal predation of the European pine sawfly. Can. Entomol. 91: 293-320.
Holling, C. S. 1961. Principles of insect predation. Ann. Rev. Entomol. 6: 163-182.
Hosmer, D. W. and S. Lemeshow. 1989. Applied Logistic Regression. John Wiley and
Sons Inc., 307pp.

119

Hudgson, B. E. 1928. The host plants of the European corn borer in New England. United
States Dept, of Agric. Techn. Bull. No. 77.
Hudon, M. and E. J. LeRoux. 1986a. Biology and population dynamics of the European
corn borer (Ostrinici nubilalis) with special reference to sweet corn in Quebec. III.
Population dynamics and spatial distribution. Phytoprotection 67: 93-115.
Hudon, M. and E. J. LeRoux. 1986b. Biology and population dynamics of the European
corn borer (Ostrinia nubilalis) with special reference to sweet corn in Quebec. I.
Systematics, morphology, geographic distribution, host range, economic importance.
Phytoprotection 67: 39-54.
Hudon, M., E. J. LeRoux and D. G. Harcourt. 1989. Seventy years of European corn
Borer (Ostriniae nubilalis) Research in North America. Agric. Zool. Reviews 3- 5396.
Hung, A.C.F. and S. Huo. 1985. Malic enzyme, Phosphoglucomutase and
phosphoglucose isomerase isozymes in Trichogramma (Hym.: Trichogrammatidae).
Entomophaga 30: 143-149.
Iowa State University, Integrated Pest management Network. 1997. World-Wide-Web:
http://www.ent.iastate.edu/pest/cornborer/intro/intro.html.
Jandel Corporation. 1994. SigmaPlot for Windows, Version 2.0. Jandel Co. San Rafael,
C A 94912-7005.
Jone, A. and G. Daniel. 1974. Spatial attack patterns of Trichogramma pretiosum
aruound release sites compared with a random diffusion model. Environ. Entomol. 3:
657-652.
Jones, W. A. and D. H. Sieglaff. 1991. Competitive behaviour of adults of three species
of pentatomid egg parasitoids and the effects on reproductive success. Colloques de
1'INRA 56: 33-36.
Juliano, S. A. and F. M. Williams. 1987. A comparison of methods for estimating the
functional response parameters of the random predator equation. J. Anim. Ecol. 56:
641-653.
Karim, M. R. and S. L. Zeger. 1989. GEE macro for SAS Ver. 1.25. Department of
Biostatistics, The Johns Hopkins University, 615 North Wolfe Street, Baltimore, MD
21205.
Keller, M. A., W. J. Lewis and R. E. Stinner. 1985. Biological and practical significance
of movement by Trichogramma species: A review. Southwest. Entomol. 8: 138-55
(SuppI).

120

Kfir, R. 1983. Functional response to host density by the egg parasite Trichogramma
pretiosum. Entomophaga 28: 345-353.
Klomp, H., B. J. Teerink and W. C. Ma. 1980. Discrimination between parasitized and
unparasitized hosts in the egg parasite Trichogramma embryophagum (Hym.:
Trichogrammatidae): a matter of learning and forgetting. Netherlands! Zool 30
254-277.
Klun, J. A. and S. Maini. 1979. Genetic bases of an insect chemical communication
system: The European corn borer. Environ. Entomol. 8: 423-426.
Klun, J. A., O. L. Chapman, K. C. Mattes, P. W. Wojtkowski, M. Beroza and P. E.
Sonnet. 1973. Insect sex pheromones: Minor amount of opposite geometrical isomer
critical to attraction. Science 181: 661-663.
Kochansky, J., R. T. Carde, J. Liebherr and W. L. Roelofs. 1975. Sex pheromone of the
European corn borer, Ostrinia nubilalis (Lepidoptera: Pyralidae) in New York. J.
Chem. Ecol. 1: 225-231.
Kostadinov, D. and B. Pintureau. 1991. A possibility to discriminate females of three
closely related species of Trichogramma (Hymenoptera: Trichogrammatidae) with
special purpose analysis of the type of Trichogramma evanescens Westwood.
Annales de la Societe Entomologique de France 27:393-400.
Kot, J. 1964. Experiments in the biology and ecology of species of the genus
Trichogramma Westw. and their use in plant protection. Ekol. Pol., Ser. A 12: 243303.
Kramer, D. A., R. E. Stinner and F. P. Hain. 1991. Time versus rate in parameter
estimation of nonlinear temperature-dependent development models. Environ.
Entomol. 20: 484-488.
Lampo, M. and V. Medialdea. 1994. Dispersal pattern of the sorghum midge (Diptera:
Cecidomyiidae) in sorghum plots. Environ. Entomol. 23: 551-555.
Lewis, L. C. 1975. Natural regulation of crop pests in their indigenous ecosystems and in
Iowa agroecosystems: bioregulation of economic insect pests. Iowa State J. Research
49: 435-445.
Lewis, W.J, D. A. Nordlund, R. C. Gueldner, P. E. A. Teal and J. H. Tumlinson. 1982.
Kairomones and their use for management of entomophagous insects. XIII.
Kairomonal activity for Trichogramma spp. of abdominal tips, excretion, and a
synthetic sex pheromone blend of Heliothis zea (Boddie) moths. J. Chem. Ecol. 8:
1323-1331.
121

Li, J.-L. and Y.-I. Chu. 1992. Interspecific competition between Trichogramma chilonis
Ishii and T ostriniae Pang et Chen under different inoculated spaces and
temperatures. Plant Protection Bulletin Taipei 34:246-255.
Li, L. 1994. Worldwide use of Trichogt'amma for biological control of different crops: a
survey, pp. 28-53. In: Wajnberg, E. and S. A. Hassan (eds.) Biological control with
egg parasitoids. CAB International, Willingford, Oxon, UK.
Li, L. and Y. Li. 1983. On sibling relationships among some species of Trichogramma.
Natural Enemies of Insects 5: 64-65.
Liang, J. 1938. Host finding by insect parasites II. The chance of Trichogramma
evanescens finding its hosts. J. Exptl. Biol. 15: 281-302.
Liang, K-Y. and S. L. Zeger. 1986. Longitudinal data analysis using generalized linear
models. Biometrika 73: 13-22.
Liu, S., G. Zhang and J. Zhu. 1995. Influence of temperature variations on rate of
development in insects: analysis of case studies from entomological literature. Ann.
Entomol. Soc. Am. 88: 107-119.
Livdahl, T. P. and A. E. Stiven. 1983. Statistical difficulties in the analysis of predator
functional response data. Can. Ent. 115: 1365-1370.
Logan, J. A., D. J. Wollkind, S. C. Hoyt and L. K. Tanigoshi. 1976. An analytic model
for description of temperature dependent rate phenomena in arthropodas. Environ.
Entomol. 5: 1133-1140.
Losey, J. E. and D. D. Calvin. 1990. Parasitization efficiency of five species of
Trichogramma (Hym.: Trichogrammatidae) on European corn borer eggs. In:
Wajnberg, E. and S. B. Vinson (eds.), Trichogramma and other egg parasitoids.
Proceedings of International Symposium, 3rd, San Antonio, Texas. No. 56. Paris:
INRA, pp. 109-213.
Losey, J. E. and D. D. Calvin. 1991. Parasitization efficiency of five species of
Trichogramma (Hymenoptera: Trichogrammatidae) on European Corn Borer eggs.
Colloques de l'INRA 56: 23-27.
Luck, R. F. 1985. Principles of insect predation. Ann. Rev. Entomol. 6:163-182.
Machauer, M. 1976. Genetic problems in the production of biological control agents.
Annu. Rev. Entomol. 21: 369-385.
Maini, S., G. Burgio and M. Carrieri. 1991. Trichogramma maidis host-searching in
corn vs. pepper. Redia 74, Appendix: 121-127.
122

Mason, C. E., E. Y. Stromdahl and J. D. Pesek, Jr. 1997. Placement of pheromone traps
within vegetation canopy to enhance capture of male European corn borer
(Lepidoptera: Pyralidae). J. Econ. Entomol. 90: 795-800.
Matteson, J. W. and G. C. Decker. 1965. Development of the European corn borer at
controlled constant and variable temperatures. J. Econ.Entomol. 58: 344-349.
Morrison, G. 1986. "Searching time aggregation" and density dependent parasitism in a
laboratory host-parasitoid interaction. Oecologia 68: 298-303.
Morrison, G., W. J. Lewis and D. A. Nordlund. 1980. Spatial differences in Heliothis zea
egg density and the intensity of parasitism by Trichogramma spp.: an experimental
analysis. Environ. Entomol. 9: 79-85.
Murdoch, W. W. and A. Oaten. 1975. Predation and population stability. Adv. Ecol.
Res. 9: 2-131.
Nafus, D. M. and I. H. Schreiner. 1991. Review of the biology and control of the Asian
corn borer, Ostrinia furnacalis (Lep: Pyralidae). Tropical Pest Management 37: 4156.
Nagarkatti, S. and H. Nagaraja. 1968. Biosystematic studies on Trichogramma species:
Experimental hybridization between Trichogramma australicum Girault, T.
evanescens Westwood and T. minutum Riley. CIBC Tech. Bull. 10: 81-96.
Need, J. T. and P. P. Burbutis. 1979. Searching efficiency of Trichogramma tmbilale.
Environ. Entomol. 8: 224-247.
Noldus, L. P. J. J. 1988. Response of the egg parasitoid Trichogramma pretiosum to the
sex pheromone of its host Heliothis zea. Entomol. Exp. Appl. 48: 293-300.
Noldus, L. P. J. J., Buser, J. H. M. and L. E. M.Vet. 1988a. Volatile semiochemicals in
host-community location by egg parasitoids. pp. 19-20. In: Proceedings of the 3rd
Europan Workshop on Insect Parasitoids (Lyon, 8-10 Sept. 1987), Colloq. INRA 48.
Noldus, L. P. J. J., W. J. Lewis, J. H. Tumlinson, and J. C. van Lenteren. 1988b.
Olfactometer and wind tunnel experiments on the role of sex pheromones of noctuid
moths in the foraging behaviour of Trichogramma spp. pp. 223-238. In:
Trichogramma and other parasites (Guangzhou, 10-15 Nov. 1986). Collog. INRA
43.
O’Neil, R. J. 1989. Comparison of laboratory and field measurements of the functional
response of Podisus maculiventris (Heteroptera: Pentatomidae). J. Kansas Entomol.
Soc. 62: 148-155.

123

Oaten, A. and W. W. Murdoch. 1975. Functional response and stability in predator-prey
systems. American Naturalists. 109: 289-298.
Olkowwski, W. and A. Zhang. 1990. Trichogramma - A modern day frontier in
biological control. IPM practitioner 12: 1-28.
Onstad, D. W. 1988. Simulation model of the population dynamics of Ostrinia nubilalis
(Lepidoptera: Pyralidae) in maize. Environ. Entomol. 17: 969-976.
Ouyang, Y, T. Peng, and L. Li. 1988. Studies on the intraspecific variation of
Trichogramma dendrolimi Mutsumura (Hym.: Trichogrammatidae). Colloques de
VINRA No. 43: 79-90.
Pak G. A., J. W. M. Kaskens and E. J. de Jong. 1990. Behavioral variation among strains
of Trichogramma spp.: Host-species selection. Entomol. Exp. Appl. 56: 91-102.
Pak, G. A. 1986. Behavioral variations among strains of Trichogramma spp. : A review
of the literature on host-age selection. J. Appl. Entomol. 71: 869-900.
Pak, G. A., H. Berkhout and J. Klapwijk. 1991. Do Trichogramma look for hosts? pp.
77-80. In: Trichogramma and other parasitoids, 3rd Sym. San Antonio (Texas, USA)
Sept. 23-27 1990. Ed. INRA (Les Collques n 56).
Pak, G. A., H. C. E. M. Buis, I. C. C. Heck and M. L. G. Hermans. 1986. Behavioral
variations among strains of Trichogi'amma spp. : Host-age selection. Entomol. Exp.
Appl. 40: 247-58.
Pang, X. and T. Chen. 1974. Trichogi'amma of China (Hymenoptera:
Trichogrammatidae). Acta Entomol. Sinica 17: 441-454.
Pavlik, J. 1993. Variability in the host acceptance of European corn borer, Ostrinia
nubilalis Hbn. (Lep., Pyralidae) in strains of the egg parasitoid Trichogramma spp.
(Hym., Trichogrammatidae). J. Appl. Entomol. 115: 77-84.
Pinto, J.D. and R. Stouthammer. 1994. Systematics of the trichogrammatidae with
emphasis on Trichogramma. pp. 1-37. In: Wajnberg E. and S. A. Hassan (eds.).
Biological Control with Egg Parasitoids. Oxon, UK: CAB Interbntional.
Pintureau, B. 1993. Enzymatic analysis of the genus Trichogramma (Hym.:
Trichogrammatidae) in Europe. Entomophaga 38: 411 -431.
practices in biological control, pp. 263-288. In: M. Mckauer, L. E. Ehler, and J.
Rollands (eds.), Critical issues in biological control. Intercept, London.
Prokrym, D. R., D. A. Andow, D. A. Ciborowski and D. D. Sreenivasam. 1992.
Suppresson of Ostrinia nubilalis by Trichogramma nubilale in sweet corn. Entomol.
Exp. Appl. 64: 73-85.
124

Qian, Y., R. Cao and G. Li. 1984. Biology of Trichogramma ostriniae and evaluation of
its effectiveness in controlling com borer on spring com. Acta Entomol Sinica
27:287-293.
Quednau, W. 1960. Uber die identitat der Trichogramma -Arten und einiiger ihrer
Okotypen (Hymenoptera, Chalcidoidae, Trichogrammatidae). Mitt. Biol. Bundesant.
Land Fortwirtch. Berlin-Dahlem. 100: 11-50.
Risherson, J. V. and C. J. Deloach. 1973. Seasonal abundance of Perilitus cocinellae and
its coccinellid hosts and degree of parasitism in central Missouri. Environ. Entomol.
2: 138-141.
Rogers, D. J. 1972. Random search and insect population models. J. Anim. Ecol. 41:
369-383.
Roltsch, W. J., M. A. Mayse and K. Clausen. 1990. Temperature-dependent
development under constant and fluctuating temperatures: comparison of linear
versus nonlinear methods for modeling development of Western grapeleaf
skeletonizer (Lepidoptera: Zygaenidae). Environ. Entomol. 19: 1689-1697.
Rosner, B. 1986. Fundamentals of Biostatistics, 2nd edition. PWS Publishers, 584pp.
Roush, R. T. 1990. Genetic variation in natural enemies: critical issues for colonization
practices in biological control, pp. 263-288. In: M. Mckauer, L. E. Ehler, and J.
Rollands (eds.), Critical issues in biological control. Intercept, London.
Roush, R. T. and K. R. Hopper. 1995. Use of single family lines to preserve genetic
variation in laboratory colonies. Ann. Entomol. Soc. America. 88: 713-717.
Royama, T. 1971. A comparative study of models for predation and parasitism.
Researches. Popul. Ecol. Kyoto Univ. Suppl. 1: 1-91.
Royston, P. 1994. STATA Technical Bulletin, No. 21. STATA Corporation, 702
University Drive East, College Station, Texas 77840 USA.
Salt, G. 1937. The sense used by Trichogramma to distinguish between parasitized and
unparasitized hosts. Proceedings of the Royal Society. London 122: 57-75.
SAS Institute Inc. 1989. S AS/ST AT® User’s Guide, Ver. 6, 4th Edition, Vol 1* Cary,
NC: 943 pp.
Schimdt, J. M. and G. A. Pak. 1991. The effect of temperature on progeny allocation
and short interval timing in a parasitoid wasp. Physiol. Entomol. 6: 345-353.

125

Schoolfield, R. M., P. J. H. Sharpe and C. E. Mangnuson. 1981. Non-linear regression of
biological temperature-dependent rate models based on absolute reaction-rate theory
88:719-731.
Schread, J. C. 1932. Behavior of Trichogramma in field liberations. J. Econ Entomol
25: 370-374.
Sharpe, P. J. H. and D. W. DeMichele. 1977. Reaction kinetics of poikilotherm
development. J. Theor. Biol. 64: 649-670.
Shen, X. and L. Li. 1987. Correlation of egg mass parasitization and egg parasitization of
Ostrinia furnacalis by Trichogramma spp. Chinese J. Biological Control 3: 136-137.
Shen, X., K. Wang, and G. Meng. 1986. Field experiment of innocunative releases of
Trichogramma spp. in the early season in Henan province. Chinese J. Biological
Control 2: 152-154.
Showers, W. B., J. F. Witkowski, C. E. Mason, D. D. Calvin, R. A. Higgins and C. P.
Dively. 1989. European corn borer development and management. North Central
Regional publication No. 327. Iowa State University, Ames.
Smith, H. E. 1920. Broomcorn, the probable host in which Pyrausta nuhilalis Hiibner
reached America. J. Econ. Entomol. 13: 425-430.
Smith, S. M. 1994. Methods and timing of releases of Trichogramma to control
lepidopterous pests. In: E. Wajnberg and S.A. Hassan (eds), Biological Control with
Egg Parasitioids. CAB International, Oxon, UK, pp 113-144.
Smith, S. M. 1996. Biological control with Trichogi'amma: advances, successes, and
potential of their use. Annu. Rev. Entomol. 41: 375-406.
Smith, S. M. and M. Hubbes. 1986. Strains of the egg parasitoid Trichogramma
minutum Riley: I. Biochemical and biological characterization. J. Appl. Entomol.
101:223-239.
Sorenson, S. E., G. G. Kennedy, J. W. van Duyn and J. R.J. Bradley. 1993. Distribution
of second generation European corn borer, Ostrinia tmbilalis, egg masses in the field
corn and relationship to subsequent tunneling damage. Entomol. Exp. Appl. 68: 1523.
Sparks, A. N., H. C. Chiang, C. Burkhardt, M. L. Fairchild and G. T. Weekman. 1966.
Evaluation of the influence of predation on corn borer populations. J. Econ.
Entomol. 59: 104-107.

126

STATA Corporation. 1995. STATA,m for Windows, Version 4.0. STATA Corporation,
702 University Drive East, College Station, Texas 77840 USA.
Stinner, R. E., A. P. Gutierrez and G. D. Butler Jr. 1974. An algorithm for temperaturedependent growth rate simulation. Can. Ent. 106: 519-524.
Straub R.W. and B. Emmett. 1992. Pest of monocotyledon crops, pp. 213-262. In:
Mckinlay, R. G. (ed.), Vegetable crop pests. The Macmillan Press Ltd.
Suverkropp, B. 1994. Landing of Trichogramma brassicae Bezdenko (Hymenoptera:
Trichogrammatidae) on maize plants. Norwegian J. Agricultural Sciences No Suppl
16: 243-254.
Suzuki, Y., H. Tsuji, and M. Sasakawa. 1984. Sex allocation and effects of
superparasitism on secondary sex ratios in the gregarious parasitoid, Trichogramma
chilonis (Hymenoptera: Trichogrammatidae). Animal Behaviour 32:478-484.
Tally, S., L. Bledsoe and M. Martin. 1997. Purdue News. World-Wide-Web:
http://www.purdue.edu/UNS/html4ever/9610.Bledsoe.BtCorn.html.
Tavares, J. and J. Voegele. 1991. Influence of the phototropism over the egg laying
rhythm and emergence of three Trichogi^amma species (Hym., Trichogrammatidae).
Redia 74: Appendix, 309-314.
The Ohio State University. 1993. Field Crops Pest Management Circular # 15, Ohio Pest
Management and Survey Program. World-Wide Web:
http://www.ag.ohio-state.edu/~ohioline/icm-fact/fc-15.html.
Trexler, J. C., C. E. McCulloch and J. Travis. 1988. How can functional response best be
determined? Oecologia 76: 206-214.
van Bergeijk, K. E., F. Bigler, N. K. Kaashoek and G. A. Pak. 1989. Changes in host
acceptance and host suitability as an effect of rearing Trichogramma maidis on a
factious host. Entomol. Exp. Appl. 52: 229-238.
van Schelt, J. and W. J. Ravensberg. 1990. Some aspects on the storage and application
of Trichogramma maidis in corn. In: Wajnberg, E. and S. B. Vinson (eds.),
Trichogramma and other egg parasitoids. Proceedings of International Symposium,
3rd, San Antonio, Texas. No. 56. Paris: INRA, pp. 239-242.
Vanlerberghe, M. F. 1994. Molecular identification and phylogeny of parasitic wasp
species (Hymenoptera: Trichogrammatidae) by mitochondrial DNA RFLP and RAPD
markers. Insect Molecular Biology 3: 229-237.

127

Vinal, S. C. 1917. The European corn borer Pyrausta nubilalis Hubner, a recently
established pest in Massachusetts. Massachusetts Agric. Exp. Station Bulletin 178
147-152.
Waage, J. K., J. A. Lane, W. D. Hamilton and J. H. Werren. 1984. The reproductive
strategy of a parasitic wasp. II. Sex allocation and local mate competition in
Trichogramma evanescens. J. Animal Ecology 53: 417-426.
Wagner, T. L., H. -I Wu, P. J. H. Sharpe, R. M. Schoolfield and R. N. Coulson. 1984.
Modeling insect development rates: aliterature review and application of a biophysical
model. Ann. Entomol. Soc. Am. 77: 208-225.
Wang, B. and Z. Zhang. 1988. Threshold temperature and thermal constant of five
Trichogramma evanescens colonies. Beijing Agric. Sci. (Suppl ): 38-40.
Wang, B., D. N. Ferro and D. W. Hosmer. 1997. Importance of plant size, distribution of
egg masses, and weather conditions on egg parasitism of the European corn borer,
Ostriniae nubilalis by Trichogramma ostriniae in sweet corn. Entomol. Exp. Appl.
83: 337-345.
Wang, C. 1988. Biological control of Ostrinia furnacalis with Trichogramma spp. In
China. Colloques de 1'INRA No. 43: 609-611.
Wang, C., H. Wang, C. Gui, H. Lu, and X. Ding. 1984. Spatial distribution patterns of
Trichogramma ostriniae parasitism in the egg masses in corn fields. Acta Entomol.
Sinica 27: 294-301.
Wang, C., H. Wang, C. Gui, and H. Lu. 1984. Studies on the control of Asian corn
borer, Ostrinia furnacalis, with Trichogramma, pp. 268-273. In: Adkisson, P. L. and
S. Ma (eds), Proceedings of Chinese Academy of Sciences - U. S. National Academy
of Sciences Joint Symposium on Biological Control of Insects. September 25-28,
Beijing, China: Science Press.
Wang, J., Z. Yang, and J. Zhang. 1990. Study on the biological characters of
Trichogramma ostriniae (Hymenoptera: Trichogrammatidae). Natural Enemies of
Insects 12: 56-61.
Wang, Z-Y, D-Y. Zhou and S. A. Hassan. 1996. Ovipositional behavior of
Trichogramma ostriniae. Chinese J. Biological Control 12: 145-149.
Westwood, J. O. 1833. Descriptions of several new British forms amongst the parasitic
Hymenopterous insects. The London, Edinburgh and Dublin Philosophical
Magazine and Journal of Science 2: 443-445.

128

Wetzler, R. E. and S. J. Risch. 1984. Experimental studies of beetle diffusion in simple
and complex crop habitats. J. Animal Ecol. 53: 1-19.
Williams, F. M. and S. A. Juliano. 1985. Further difficulties in the analysis of functionalresponse experiments and a resolution. Can. Entomol. 117: 631-640.
Williams, F. M. and S. A. Juliano. 1996. Functional response revisited. Environ.
Entomol. 25: 549-550.
Windels, M. B. and H. C. Chiang. 1975. Distribution of second-brood European corn
borer egg masses on field and sweet corn plants. J. Econ. Entomol. 68:133.
Xie, L. and T. Zhu. 1989. Comparison of isozymes of eighteen Trichogramma species.
Natural enemies of insects 11: 77-81.
Yu, D. S. K., J. E. Laing and E. A. C. Hagley. 1984. Dispersal of Trichogramma spp.
(Hymenoptera: Trichogrammatidae) in an apple orchard after inundative releases.
Environ. Entomol. 13: 371-374.
Zar, J. H. 1996. Biostatistical analysis. 3rd ed. Prentice Hall, Upper Saddle River, New
Jersey.
Zhang, H., H. Zhang and J. Gao. 1987. Host survey of Trichogramma spp. in Qianxian
County. Chinese J. Biological Control 3: 96.
Zhang, J., J. Wang, B. Cong, and C. Yang. 1990. A faunal study of Trichogramma
(Hym.: Trichogrammatidae) species on Ostrinia furnacalis (Lep.: Pyralidae) in China.
Chinese J. Biological Control 6: 49-53.
Zhang, J., J. Wang, G. Liu and Y. Yan. 1983. Influences of the humidities and
temperature - humidity combinations on Trichogramma ostriniae Pang et Chen
(Hymen.: Trichogrammatidae). Natural Enemies of Insects 5: 129-134.
Zhang, Y., M. Cheng, W. Zhou and C. Wang. 1991. Studies on the efficiency of rearing
rice moth, Corcyra cephalonica (Lep.: Gelechiidae) with rice and wheat bran.
Chinese J. Biological Control 7: 71-73.
Zhang, Z. 1988. Trichogramma spp. parasitizing the eggs of Asian corn borer Ostrinia
furnacalis and its efficacy in Beijing suburbs. In: J. Voegele, J. Waage and J. C. van
Leteren (eds), Trichogramma and Other Egg Parasites. 2nd International
Symposium, Les Colloques de 1’INRA Paris 43: 629-633.
Zhu, D. and Y. Xie. 1983. Improving the diet for rearing Corcyra cephalonica
(Stainton). Natural Enemies Insects 5: 66-67.

129

